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Chapter 1

INTRODUCTION

Extensive exploration has resulted in delineation of a massive sulfide district on the north flank of the east-central Alaska
range. The disfrict covers approximately 400 square miles and contains numerous stratiform, transposed and some
replacement type sulfide occurrences ranging in size from Jess than one million tons to over 20 milltion tons withio a thick
sequence of nft related metavolcanic and metasedimentary rocks comprising the Delta schist belt. Nerco Minerals Co. of
Vancouver, Wa., controls a large block of ¢laims, nearly 150 square miles ofland, in the Delta district. The base and precious
metal bearing massive sulfides are hosted by Devonian Age metavolcanics.

In 1984, Nerco Minerals Co. signed acooperative agrecment with the University of Alaska to conduct hydrometallurgical
research, The principal objective of the agreement was to conduct bench scale research to study the problems of leaching
the suifide ore and the recovery of its valuable metals. Nerco has provided funding on an annual basis. Information contgined
in this publication is a result of this research.

Within the research program, complex sulfide ares are treated by ferric chloride feaching to dissolve zinc, lead, copper
and silver. Leach residue is treated for gold recovery and the resulting leach liquor is directed to lead, copper, silver and
zing recovery steps. Lead chloride crystallization, solvent extraction and electrowinning of copper and zing, and zine powder
cementation are the major technologies which will be applied to the metalrecovery process. The barren solutionisregenerated
with chiorine gas produced in the electrowinning step and the regenerated solution is circulated back to the leaching step
to complete the solution circuit. The use of ferric sulfate leaching has also been investgated.

This hydrometatlurgy program is very impartant for Alaska for several reasons.

I,  Alaska has numerous stratiforrn ores that are too finely disseminated to be amenable 10 siandard physical
beneficiation methods.

Sulfur in the ore is recovered as elemental sulfur, thus eliminaiing atmospheric pollution.

Hydromerallurgy results in a final metal product for domestic use or export, rather than a sulfide concentrate.
Hydrometallurgy permits construction of smaller scale installations thaa are possible with pyrometallurgy.
Alaska 15 blessed with numerous lode gold ores that would require cyanidadon for gold recovery.

Vs W

Success of the hydrometathorgy program is attributable to the vision of Lawrence E. Heiner, President, Nerco Mineral
Co., who is responsible for initiating and funding the program, and to Chancetlor O*'Rourke, who has signed cooperative
agreements with Nerco with a strong commitment for continuation of the bydrometallurgy research program. Special
appreciation is due Dr. Donald J. Cook for his support of the program. The execution of the program s done under the
constant vigil and guidance of Mr. Barry Hoffmann, Vice President, Nerco Minerals Co.. Dr. Raymond Price has been
most helpful in guiding our solvent extraction research, during our meeting at Fairbanks, as welt as through regnlar diatog.
The help of Mr. Dan Walsh in the mineral processing portion of the program and in ediring manuscripte is gratefully
acknowledged. Special thanks are due Mrs. Cathy Farmer and Ms. Carol Wells for typing the manuscript.
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ABSTRACT

This report presents the results of hydrometallurgical research carried out from Sepember 16, 1985 to June 30, 1986
on metals recovery from complex sulfide ores from the Delta deposit near Tok, Alaska, The leaching characteristics
performed for 6 different ore samples indicate thar the most valuable components form the following order: Zn > Au > Pb
> Ag> Cu > §°. Further study demonstrates that direct leaching of the ore is effective both in chloride as well as in sulfate
oxidizing solutions ¢coupled with separating of leached solid components by flotation. Three variants of the ore processing
with ferric chioride or ferric sulfate leaching are analyzed: one flowsheet with direct ore leaching in ferric chloride solution
followed by leaching-flotation step, with subsequent zinc separation in a solvent extraction step and elecaolysis in chloride
solugion; and two flowsheets of direct ore leaching with ferric sulfate solution followed by a leaching-flotation step, with
zine sulfate electrolysis and other metals recovery in chloride leaching steps. In two last flowsheets silveris recovered during
the chioride leaching steps and gold from flotation products during the cyanide leaching. Preliminary economic and technical
evaluation is presented.

The engineering study on apparatus for the fast leaching- flotation processing and on betier accumulation of gold and

silver in one semi-product are concluded for the next year of research.



2.1 Introduction

Most nonconventional hydrometaliurgical methods of the processing of complex sulfide oreg are based on metals
extraction from bulk flotation concentrates {2.11-2.11]. The recovery of zinc, lead and copper by froth flotation, even as
arelatively rich concentrate, presents today a rather routine problem, However, gold and silver, which are often associated
with pyrite, can be rejected to the wilings during flotatdon. If the value of the rejected precious metals is high, additional
leaching of tilings for their recovery (Figure 2.1,a) must be applied [2.12,2.13).
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Figure 2.1. Hydrometaliurgy of complex sulfide ores (gold and sliver ara assoclated with pyritic matrix):
a) Classical concept of hydrometailurgical processing of concantrate (exampis of chlorida [eaching)
b) Leaching-Flotatlon processing of ore (exampla of sulfate feaching).

Just such a situation occurs with the pyritic deposit of complex sulfide ores found near Tok, Alaska [2,14]. The gold
and silver are predominantly associated with pyrite and their recovery in flotation concentrate is very low. Because their
Joss is not acceptable from an economic pomt of view, another possibility for processing the ore has been studied by the
Mineral Industry Research Laboratory (MIRL) of the University of Alaska-Fairbanks. During initial investigations, three
possible scenarios of hydrometallurgical processing of the Delta sulfide ores were discussed:

1) Bulk flotation concentrate production and their hydrometaliurgical treatment;

2) Direct hydrometallargical reatment of ore; and

3)  Acdvation of pynite by thermal shock and quasi-instantaneous leaching.

The conclusion of the preliminary analysis was that the second scenario i3 most favorable. Gold and silver - remaining
in solid residues after leaching of the Delta ores can be concentrated by flotation ir a separate fraction. Such a flotation

associated with leaching in the ferric sulfate solution [2.15) allows for:

- selective extraction of zinc as soluble znc sulfate;

ZnS(s) + Fe,(SO,),(aq) = ZnSO,(aq) + 2FeSO,(aq) + S°(3) 2.1)

- scparation of insojuble lead sulfate, formed during galena oxidation by ferric suifate solution, in the non-flotable
fracton:

PbS(s) + Fe,(SO,),(ag) = PbSO,(s) + 2FeSO(aq) + S°(s) (2.2)



- separation of other nareacted sulfides and sulfur in the flotable fraction;

- regeneration of the leaching agent under elevated oxygen pressure (30-120 psi) with simultancous precipitation
of iron excess in the form of goethite and its separation in the non-flotable fraction:

6FeSO,(aq) + 3/2 O,() + H,00) = 2FeO0H(s) + 2Fe,(S0,),(aq) 23)

Extraction of zinc, the principal valuable component of the complex sulfide ares, with the simultaneous separation of
lead sulfate during direct ore processing and possibie accumulation of precious metals dispersed in sulfide matrix, will be
probably advantageous if technical problems were resolved. A simplified sketch of such processing is shown in Figure
2.1,b.

The possibility of separating by differential flotation valuable elements contained in residues after complex suifide ore
leaching, is also referred by Morin et al. [2.16]. Fugleberg et al. [2.17] describes the direct leaching and flotation of a black
schist ore (Ni, Zn, Cu, Co sulfides) . Wakamatsu et al, [2.18] presents a study on complex sulfide concentrate leaching
with 60% (vol.) sutfuric acid. This allows for a near to(al zinc digsolution (99% of recovery) while chalcopyrite remains
at all in the solid residue. After filtration, the insoluble lead sulfate is separated from chalcopyrite by routine differentiat
flotation. Also Mantsevich et al. [2.19] presents a paper on oxidative leaching and flotation of nickeliferrous pyrrhotite
concentrates. None of these publications, nor any recently published paper addresses the application of a leaching-flotation
process for recovering or concentraling precious metals.

During 1986, research initiated by MIRL to study the recovery of metals from the Delta sulfide ores has been com-
prised of the following tasks:

1. A study of the ore leaching kinetics with chloride and sulfate solutions.
2. A laboratory study of the leaching-flotaion process.

3. An engineering study of an iron oxidation processes.

4. A general study of proposed process-flowsheets.

Results of the gbove research are presented in this report

2.2 Chemical Characteristics of Ore

Six bulk samples of are were collected from the Delta Massive Sutfide belt [2.14]. The concentration of metals and
sulfur in the samples is presented in Table 2.1.

The chemical characteristic of the ore samples is presented in Table 2.2. It is based on metals and sulfur content and
on reactivity of the ore samples during digestion in three different solutions:

- agqua regia, at temp. 90-95°C;
- sulfuric acid, conc. 10%, at 80-90°C;
- hydrochloric acid, conc. 10%, at 70-80°C.

Because the ore samples are characterized with respect to their chemical reactvity only, the chemicat symbols of
substances do not necessarily carrespond to their mineralogical formations and the quantitative characteristics presented
in Table 2.2 differ slightly from the mineralogical description of the ore samples presented previously in the Research Grant
Proposal (2.20).

In the tests of chemical reactivity, 1-3 grams samples of ore were digested in aqua regia (conc. HNO,: conc. HCl as



Table 2.1. Elemental composition of Delta ore samples

Total
Sample  Descrip- Quant. Za  Pb Cu  As  Ag  As Fe  Sulfur
No. tion Ibs % % % ppm  ppm % % %

1 LP Upper 330 6.63 283 038 348 927 056 3225 U2
2 . LPLower 200 734 298 040 261 1029 091 32,11 3556
3 DD South 150 016 006 080 075 81 0.02 4733 4158
4 Trio 300 750 730 135 398 1188 6.99 2503 2752
5 DD North 226 268 120 150 193 345 073 43.07 41.73

6 DD Narth 160 863 008 118 0.62 7.8 002 4420 31.07

Table 2.2. Contents of sulfides and other components in the ore samples

Weight percent
Sampie
Za$ PbS FeS CuFeSz FeAsS FeS; Fe(ox) Ca  Insolu- Totat
ble 1den-
Residue tified

#1 LPU 988 325 154 110 122 5586 452 035 152 92.92
#2 LPL 1094 345 197 116 197 S611 371 0.74 1352 9357
#3 DDS 034 0.07 385 231 0.03 4793 — 0.03 479 94.0

#4 TRIO 11.18 842 236 389 1514 3275 191 435 4.67 84.67
#5 DDN 399 139 2301 433 1.58 5620 044 6.0 176 98.80

#5 DDN 12.71  0.10 53,55 341 003 IL50 377 0.02 6.56 91.65

1:3), 10-20g samples in 10%-sulfuric acid and 10g samples were digested in 10% hydrochloric acid.

Only in the case of sample #3 (DDS) the balance of total iron is negative. 1.3% of iron is lacking for equilibrating
its total concentration with concentration of copper as CuFeS, , arsenic as FeAsS and iron “soluble” in 10% HCI - identified
as FeS.

In other samples an excess of 0.4 1© 4.5% of iron was not equilibrated with sulfidic swifur. This iron excess is arbitsarily
identified as a non-sulfidic iron, probably in oxide or carbonate form (Table 2.2). Relatively high concentration of calcium
probably from carbonaceous rock was found in sample #4 (TRIO) - 4.35% Ca and #5 (DDN) - 6.10% Ca. The highest



percent of insoluble residue after agua regia digestion was found in sample #1 (LPU) - 15.2% and #2 (LPL) - 13.52%.

Mass balance of the identified components (last column in Table 2.2) range from at 84.7% for sample #4 (TRIO) to
98.8% for #5 (DDN). In the case of the sample #5, this is probably too large a value since when oxidized iron and 1otal
calcium occur as carbonates, the mass halance for the sample sums to 108.4%.

The loss of weight for the samples during the digestion tests in aqua regia, HCl and H,SO, solutions as well as during
4 howr-{eaching in ferric chloride and ferric sulfate solutions is shown schematically in Figure 2.2, For the sample #1 (LPU)
and #2 (LPL) the loss of weight is a function of the following order:

Aqua regia >> FeCl, > Fe,(SO)), > HC1 > H,SO,
The higher digsolution of components in samples 3, 5, and 6 in reductive (HQY) or nonoxidative (H,SO,) than in oxidative
(FeCl,, Fe,(SO,),) conditions can be explained by the high concentration of iron suifide FeS in the ore samples. This sulfide
is easy to decompose with the evolution of gaseous hydrogen sulfide (H,S).

Sample #4 (TRIO) is characterized by a higher loss of weight in chloride solution than in sulfate solution, In the suifate
solution galena is transformed o insoluble 1ead sulfate and in the chloride solution total lead forms soluble chloride complex.

The metals extraction from the ore samples during leaching with sulfuric acid, hydrochlonc acid, ferric chloride and
ferric sulfate sofutions presented in Table 2.3 is a supplementary illustration of chemical properties of raw material.

H,S0O,
60
X
® FeCl,
)
o 40t
-
Fez(sol)a
£
2
(4
3 20f

LPU LPL DDR TRIO DD

Samples of Ore

Figure 2.2. Loas of weight of the ore samples during digestion In different solutions.
Test condltions - see Table 2.3,



Table 23, Metal extraction from the ore samples by different solutions:
10% H2S8O04 at 80-90°C; 10% HCl at 70-80°C; Fe3(SO4 )3 1.2M at 90°C; FeCls 1.8M at 90°C

Extraction degree, % )

Metal Exiracting #1 # #3 #4 #5 #6
Extracted Solution LPU) (LPL) (DDS) (TRIO) (DDN) (DDN)
H,S04 28.6 25.1 100 3.8 16.3 52.7

Zn HC1 814 23.4 100 6.3 100 100
Fen(SO4)3 97 97 - 98.0 94 98.0
FeCly 95 98 88.7 97.23 85 74.0
HCl 96.8 158.1 Total  Total Total Total
Pb FeCly 96.2 96.7 922 832 100 969
HC1 4.5 3.0 1.1 1.2 11.9 358

Cu Fea(SO4)3 15 80 3.0 34 37 23
FeClg " 6l2 80 37.7 15.5 45.5 28.3
H804 34 7.5 56.9 5.1 39.9 118.9
Fe HCl 3.0 39 62.6 6.1 330 77.8

Fex(S04)3 15 2 32 S 47 54

FeCly 1.52 n.i. ni. 7.6 n.i. 80

Hy804 <1 <1 2.5 <1 -

As BHC1 8 5 - 1.7 <6 -
Fe(SO4)3 ni. n.i. n.i. 22.5 1.i. n.i.
HCl 271 30.7 18.5 12.1 84.9 79.5

Ag FeCly 85.2 83.2 60 242 86.7 75

¥y after 8h of digestion with excess of the solution
n.i. potideotfied

2.3 Tests of Ore Leaching with Ferric Sulfate Solution

The following tests of ferric sulfate leaching were performed at laboratory scale:
- along-time, static-bed leaching test, of ore sample #1 (LPU), fraction size 10-14 mesh;
- tests of zinc extraction from different size fractions of ore sample #1 (LPU):

60 - 150 mesh

150 - 270 mesh

270 - 400 mesh

325 - 400 mesh
< 400 mesh

- a three-stap leaching test of the 325400 mesh fraction of ore sample #1 (LPU),



- tests of zinc, copper and iron extraction from the fraction 325400 mesh of the six investigated ore samples.

The long-time leaching test in a static bed condition was carried out in a glass column (24 inch height, 3/4 inch diameter)
filled with 314.1g of ore sample #1, fraction 10-14 mesh. 4L of acidic ferric sulfate solution, inidally containing 23.8 g/
L Fe in 7.5% H2S0O, was continuously circulated upwards the column during 27 days, with average flow rate of 0.4-0.6
L/h, The temperature of the column was kept at 20-23°C. Concentrations of zinc, copper, and iron were analyzed and pH
was measured in 10 mi samples of solution taken during the experiment. The results of the test are shown in Figure 2.3.

To determine the degree of transformation of galena PbS, to insoluble Jead sulfate PbSO,, additional chloride leaching
of the ore bed was performed after completing the 27 day sulfate leaching test. 1.58 liter of leaching soluton containing
240 g/L CaCl, and 1% HCl was used. The chioride leaching test was conducted during 24 hours in the same conditions
of circulation as the sulfate leaching test. These results are also shown in Figure 2.3.

100

I I | R ¢ ) | —
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60 -

Extraction,%
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Figure 2.3. Extraction of metais in the column-leaching test in faerrlc sulfate - sufturic acid solution and In

calcium chlaride - hydrochiorie acid solution at temp, 20-22¢C; - » zinc, O « copper, 4 - Iron,
A - laad. (Othar conditlons In the text.)

After both tests the bed of ore was waghed in the column by water and the concentration of metals found in the wash-
waler was taken into account during mass balance calculations.

Other tests of leaching were carried out in a 1 liter Comning-glass reactor with a cover and other standard equipment
under steady state hydrodynamic conditions (mixing) at constant temperature.

Results of zinc extraction from different size fractions of sample #1 are shown in Figure 2.4 and specific conditions
of these leaching tests are collected in Table 2.4,

The results of the 3-step leaching experiment carried out on the fine fraction (325400 mesh) of sample #1 are presented
in Figure 2.5 and in Table 2.5.

The concentration of ferrous ions was calculated from astandardized [Fe3r)/[Fe*] = f(potential, mV) graph or calculated
from the balance of sulfidic sulfur oxidarion during leaching.

Results of the tests on metal extraction from the fine fractions (325400 mesh) of the six invesugated ore samples are
presented in Figures 2.6-2.12.
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Figure 2.4. Eftect of slze fractlon of the ore on zinc extraction. Ore sample #1 (LPU). Condltions of Ieaching -
see Table 2.4.

Table 2.4, Leaching conditions of different fractions of ore sample #1.
Temperature 90°C, stirrer rotation 250-300 min-1. Loss of weight of ore sample
after 4 h of leaching is presented In the last column.

Size Inital Initial Concentrations!)
fraction solid/fiquid Loss of
of ore ratio Fe2) Zn Cu HyS04 weight
(mesh) (g/mb) L) (gL) L) (%) (%)
60-150 607700 69 6.6 0.2 24 11.28
150270 60/700 69 6.6 0.2 24 12.78
270-325 50/700 52 56 0.3 1.2 1442
325400 30/700 50 9.2 0.3 1.2 17.44

<400 80/700 52 5.6 03 24 19.35

1) Conc. in solutions after regeneration under oxygen pressuse (see p. 34)
2) Total iron concentration, with [Fe2*) < 10% of total iron

10
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Figure 2.5. Metals extractlon during 3-step ferric sulfate leaching of the fine fractlon of ore sample #1:

e -2ing, D - copper, ¢ - arsanle, A - lron.

Table 2.5. Some conditions and results of 3-step leaching of the fine fraction (325400 mesh) of sample

#1. Kinetic of leaching and other condltions are shown in Fig. 2.5,

Step Concentrations (g/L) Extraction (%) Loss of
of weight
Leaching Fe3* Fe?t  Zn Cu Zn Cu As Fe %
lst migal® 792 428 24.1 0.82
Final 407 883 40.5 1.74 863 715 23 5 14.6
2nd Imigal® 792 428 241 0.82
Final 77.0 522 25 092 932 81 33 12 20.6
rd Inigal* 1296 —~ - 1.18
Final 126 ~6 1.3 120 960 82 d nd 26.3

* 1n 1% HyS04 solution

11
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Figure 2.6. Ferrlc sulfate [eaching of ore sample #1,; walght of sampte 30 g; solution 0.7L; Initlal eoncentra-

tlon: Fe®* 46.1g/L, Fe? 25.3g/L, Zn 18.8¢/L, Cu 0.45g/L, H,SO, 1%. Loss of tha sample weight
during [eaching 17.07%.

&80

a0

Eatracilaa,®

20

A0 p

e(LPl)

328-400 mesh
Temg, 90°C

T | E——— T v

240

Figure 2.7. Ferrlc sulfate ieaching ot ore sampla #2; solld/tiquid = 50 g/0.7 L; Inltial concentration:

Fa®* 40.8g/L, Fa** 26.7g/L, Zn 13.45g/L, Cu 0.38g/L, H,SO, 1%. Loss of the sample weight
during leaching 20.56%.
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Figure 2.3. Faerric sulfate leaching of ors sample #3; solld/llquid = 58 @/0.7 L; Initlal eoncentration:

Fe* 46.0g/L., Fe?* 23.2g/L., Zn 13.56¢/L, Cu 0.04g/L, H,SO, 1%. Loass of the sample walght
during leaching 25.09%.
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Figure 2.9. Ferrle sulfate isaching of ore sample #4; solld/liquid = S0 g/0.7 L; initlal concentration:
Fa'* 20.2g/L, H,SO, 5%. Loss of the sample welght during Jeachlng 40%.
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Figure 2.10. Ferric suilate leaching of ora sample #4; solld/liquid = 50 g/0.7 L; initlal coancentration:

Fa?+ 108.0g/L, Fe?* 30.4g/L, Zn 16.72g/L, Cu 0.512g/L, H,SO, <0.5%. Loss of the sample waight
during feaching 20.06%.
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Figure 2.11. Ferric sulfate leaching of ore sampla #5; solld/liguld = 50 g/0.7 L; Initlal concentration:

Fe?* 98.2¢/L, Fe?+ 29.0g/L, Zn 15.9g/L, Cu 0.526g/L, H,SO, 1%. Loss of tha sampla weight
during leaching 16.0%.
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Flgure 2.12. Ferric sultate leaching of ore sample #8; solld/liquld = 50 g/0.7L; Initlal concentration:

Fe?s 113.8g/t,, Fe?* 30.4g/L, Zn 16.69/L, Cu 0.57¢/L, H,SO, 1%. Loss of sample weight
during leaching 34.8%.

Pure ferric sulfate solution in 5% sulfuric acid was applied as a leaching agent only in the tests carried out on sample
#4 (Figure 2.9). In other cases, the leaching tests were performed with solutions containing elevated concentration of zinc
sulfate and ferrous sulfate, and not higher than 1% concentration of sulfuric acid. The tests conducted with a low acid
concentration are characterized by a decrease of copper extraction rate or by hydrolytic copper precipitation from the solution
during the first hour of leaching. At 90°C this phenomenon is a function of iron concentration and pH of solution and occurs
even when the copper concentration in solution is below 1 g/L. (Figure 2,13).

100 T T T Y T T
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a0 ~ laxtinl Comaantration
Pa 4D.90 o/t 270-328 manh
Pa 2870 ¢/
Za Y3.468 o/l
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= Fo 27.4Y g1
v
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- 0.0
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o
o
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Feo <3.80 g/
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Figure 2,13. Farric sulfate leaching of ora sample #2. EHact of iron(lll) concentration and pH of leaching
solutlon on copper extractlon from 3 diffarent size fractions of the ore at 90°C.
Solld/liquid = 50 g/0.7L
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Secondly, hydrolytic iron precipitation was observed during leaching of samples #5 and 6 with solistion containing high
concentration of ferric jons. Iron concentradon in solution increases much more becauss of the fast decompasition of iron
sulfide FeS (Figures 2.11 and 2,12), Another cause of iron precipitation during the leaching of sample #4 might be its high

arsenopyrite - FeAsS concentration (Figures 2.9 and 2.10). Axsenates of iron(If) and iron(lII) can be easily precipitated
from low acidity solutions (Figure 2.10).

In the case of sample #3, high concentration of iron suifide FeS (see Table 2.2), caused fast and total reduction of ferric

sulfate long before leaching was completed. Under the test conditions (Figure 2.9) only fifty percent of the FeS was
decomposed due to the lack of leaching agent.

2.4 Tests of Ore Leaching with Ferric Chloride Solution

The leaching of complex sulfide ores with ferric chloride solution leads to dissolution of lead together with zinc and
capper.

Ferric chloride leaching tests were conducted in a 1 L Corning-glass reactor under the same operational conditions as
for sulfate leaching. During some initial experiments the temperature was kept at 80°C.

The high concentration of chloride ions necessary to keep the exwacted metals in soluble form, was achieved by calcium
chlaride and magnesium chloride addition, Total chloride ions concentration supplied from these sources was 2.54 mol/
L. The leaching tests were performed ou the size fraction of 140-270 mesh of the six ore samples (Figures 2.14-2.19),

Metals expraction and loss of weight of the samples after 4 hours of leaching is compared in Table 2.6.

Two stage leaching tests were performed on sample #1 and 2 (Figures 2.14 and 2.15). Results indicate that prolongation
of leaching time for an extra 2-4 hours raises the yield of metals extraction.
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Figure 2.14, 2-stage ferric chloride leaching of ore sample #1; solid/tiquid = 75 g/0.6L (1st stage) and
56.5 g/0.6L (2nd staga); Initlal concantrations: [CaCl,] = 58¢/L, [MgCL] = 78g/L, (HCI} = 0.4g/L,,
[Fa?+] = 89.8g/L (1st stage) and 64g/L (2nd stage).
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Figure 215, 2-stage ferric chioride leaching of ore sample #2; solld/liquld = 55 g/0.6L {1st stage) and 42 g/0.6L
(2nd stage); Initial concantrations: (CaCl,] = 58g/L, [MgCL] = 79g/L, (HCI] = 0.4g/L, [Fe’*] = 84g/L.
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Flgure 2.16. Ferric chloride leaching of ora sampla
#3;s0lld/ liquid = 50 g/0.64 L; Initlal concentrations:
{CaCl,]=58g/L, [MgCl,]=79g/L, [Fe**]=90g/L, [HCI] =

4g/L .

Extonclion,d

40

€4LTRI0)
140-270 awsh
Yema. 90°C

Tima.mia

Figure 2.17. Ferric chlorlde {eaching of ore sample
#4;s0lid/ liquid = 50 9/0.6 L; [nitlal concentrations:
[CaCt,]=58g/L, [MgCl,]=79g/L, [Fe*<]1=80g/L, [HC!] =
4g/l.
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Figure 2.18, Ferric ahlorlde laaching of ore sample
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Figurs 2.19. Ferrle chloride leaching of ore sample
#6;s0lid/ llquid = 20 ¢/0,6 L; Initlal concentrationa:
[CaCl }=58g/L, [MgCl,]=79g/L, [Fe**]=94g/L, [HCI] =

[CaCl,]=58g/L, [MgCl,]78g/L, [Fe**]«30g/L, [HCI] =
agiL .

Ag/L .

Table 2.6. Metals extraction and loss of the samples weight after 4 hours of leaching. Fraction 140-270
mesh. Other conditions: see Figures 2.14-2,19.

Metals Extraction (%) Loss of
weight
Sample Fe Zn Pb Cu Ag (%)

#1 - LPUD 1.52 9485  96.19 61.16 8524 15.82
#2 -LpLb) -7.6%) 98.57  96.70 80.00 83.16 18.89
43 -DDS 9.9 88.75 8395 3275  60.00 21.52
#4 - TRIO 7.6. 9723  97.01 1550 24.19 41.20
45 - DDN 0.0 8507 100.00 4547  86.67 15.70
#6 - DDN 79.9 7432  96.88 2826  75.00 46.80

1) All results after 2-step leaching
2} Percent of iron precipitated from solution as an excess in relation to the initial content of ifon in the

ore sample
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The results of lead extraction from sampie #3 differ from thar in other cases (Figure 2.16). This anomalous course
of leaching is difficult to explain, The most probably reasou is that the detection level during lead analysis by AAS (Atomic
Absorption Spectrometry) technique is below the tow Pb concentration in the sample (see Table 2.1).

Lron extraction is very low or some part of iron precipitates from solution at low acid concentration (Table 2.6). However,
when pH < 0, iron dissolved from the solid sample remains in solution. Such a situation characterizes the test with sample
#6, when hydrochloric acid concentration was 14 g/L. HCI and about 80% of total iron in sample occurs as “soluble” FeS.

Silver extraction is high. It fluctvates from 24% (sample #4) to §3-87% for the samples #1, 2 and 5 (Table 2.6). Some
regularity with copper extraction is observed.

2.5 Tests of the Leaching-Flotation Process

The leaching-flotation tests were carried out on sample #1 (LPU) and #4 (TRIO). Several characteristics of the samples
were described in Section 22. The quantitative compositions of the samples werepresented in Tables 2.1 and 2.2 and the
leachability of the samples in ferric sulfate solution is described in Section 2.3,

The leaching-flotation tests were conducted in the same typical laboralory Pyrex-glass reactors (volume 1 or 2L) as
were used in the leaching tests (see Sections 2.3 and 2.4).

The leaching tests were easy to shift into the leaching-flotation tests by introducing air or oxygen into the reactor and
dispersing it in leaching suspension. The laboratory reactor equipped for the leaching-flotation tests is presented
schematically in Figure 2.20.

The froth of the flotable fraction of solids was transported through glass tube-connector to the next step-reactor or was
collected in a Biichner funnel, filtered and prepared for analysis. The non-flotable fraction was retained in the form of
suspension in the lower part of the reactor or sedimented at the reactor bottom. This fraction could be transported to another
reactor using a peristaltic ppmp. The simplified flowsheet of a 3-step leaching-flotation tests is shown in Figure 2.21.

Pulp of Qre
Oxygan
Naon—Flotabie l AN L]
Fraelion D % Flo(sble Fraction
— T
—_ T

Flgure 2.20. Laboratory reactor for leaching-flotation tests:
. Glass reactor

Heater

Stirrer

Gas disperslon tube (medlum parosity)
Qutlet of foam (flotable fraction)

Outlat of non-tlotable fraction

Inlet of ore pulp

NeppeN
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In these experiments the pulp of ore in the leaching solution was transported continuously to the first reactor. From
the 1st reactor only flotable fraction was transported in a froth flow formed by dispersed in solution oxygen, to the second
reactor and afterwards in the same maaner from second to the third reactor. At the same time, the non-flotable fraction
was transported as a suspension in the leaching solution from the third reactor (o the second and subsequently to the first
reactor by means of peristaltic pumps.

Three leaching-flotation (L-F) tesIs were carried out with ore sample #1 (LPU) and two with ore sample #4 (TRIO).
The 1st, 2nd and Sth L-F test followed the initial sulfate leaching step (Figure 2.22). The 3rd and 4th L-F tests were followed
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’ Flotapke
Nom=Hotudie ning=
{iaf abie Leaohing
Fruation Hon~tiet ~Flotatiga Il
Non-Tlotadie Leaahing-
-fotation N
Florabia
Fraction

Figure 2.21. Simpilfied tlowshaet of 3-step leaching-flotation test.
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Flgure 2.22. Arrangement of the 1st, 2nd and 5th L-F tests. Leaching-flotation steps follow initial sulfata
leaching step.
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by sulfate leaching of the flotable fractions and by chloride leaching of the nonflotable fractions (Figure 2.23).
General conditions of the leaching-flotation tests are presented in Table 2.7,

The 1st and Sth experiments were performed with small solid samples in the one, 1L volume uvnit (Figure 2.20). The
flotation products were cleaned in additional flotation steps, according to schematic flowsheet shown in Figure 2.24, The
intermediary fractions were collected together as a “MIXED" fraction.

Results and other conditions of the tests are summarized in Tables 2.8 and 2.9.

The direct, leaching-flotation treatment of the ore was applied in the 3rd and 4th expeciments, During the 2-hour 3rd
experiment, 79% of the zinc and 33.5% of the copper were extracted from the ore sample #1 to the solution and 77.5%
of the fead was found in the nonflotable fraction. The copper rematning in solid phase was collected in the flotable fraction
together with 82% of the total iron, 90% of the silver and 96.6% of the elemental sulfur,
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Flgure 2.23. Arrangement of the 3rd and ath L-F test. Sulfate ieaching follows leaching-tiotation step.
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Flgure 2.24. Scheme of the jeaching-flotation batch experiments.
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Table 2.7. General conditions of the leaching-flotation (L-F) tests in ferric sulfate
solution at 90°C

Sample #1 (LPU) #4 (TRIO)
Test Ist 2nd 3d 4th Sth
Specification
Initial weight of 150.45 5671) 1200 367 177.1
sample(g)
Sample weight before 129 .87 500 1200 367 137.0
L-S step?) ()
Size fraction (mesh) 140-325 325400  140-325 140-270 325-400
Total volume of 0.83) 28 3.0 3.33 1.84)
solution (L)
Fe3+ 453 74.7 70.0 84.4 20.0
Initial Re2+ 9.3 273 27.2 9.5 —
concentration
@L) Zn 4.8 14.2 14.1 52 —
and pH
in Cu 0.31 0.78 0.76 0.19 —
solution
pH ~ 0.75 0.85 1.2 0.91
Experimental A-1 A2 B2 B2 A-1
arrangement?)
Time of experiment 20 min 1 hr 2 hr 1 hr 30 min

1)  Calculated; only 500 g of solid was directed to L-S step from 712 g of the total sample weight before
leaching (see remark 5).

2)  Seeremark 5
3) 0.5 L of solution +0.3 L of wash water
4) 1.0 L of solution +0.8 L of wash water
5) A - according (o scheme in Fig. 2.22

B - according to scheme in Fig. 2.23

1 - bath process, according to Fig. 2.24
2 - 3-step continuous process, according (o Fig. 2.21
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Table 2.8. Leaching-flotation fests of sample #1 (LPU):
a) Mass distribution and metal concentrations in the fiotation fractions and leach solution

Fractdon
distri- Concentration (%)D)
bution
Specification %) Zine Lead  Copper ITon  Sulfw®  Silver  GoW
Raw Material®} 100 102 323 021 3565 43 106ppm  342ppm
Non Flotable 9.3 025 1855 0.12 312 161 138ppm  0.17ppm
- Fraction (NF} .
5§ | Mixed Fraction 3 - - - 3212 385 ASppm -
) ™
E Flotable 76.3 0.65 1.8 025 30.50 5235 106ppm  4.09ppm
& | Fracton (F)
&
= From 4.80 From 54.6
Solution 11.69 to -~ - to ~ - -
6.11 gL 59.3 g/L
o |Raw Materia®) 100 430 335 027 304 204 105ppm |
S |NF 1463 006 148 006 02 - 93ppm -
g M 894 008 474 002 92 17 92ppm ™
g F 68.46 245 133 0.33 432 7.19  176ppm o
Eul From 14.2
2 | Solution 7.98% 10 - nd d - - -
] 19.4 gL
_ |Ore 100 6.63 2.83 038 32 - 92ppm  3.48ppm
S |NE 11.86 158 1849 015 359 0.51  7T2ppm o
E M 271 190 192 014 417 140 70ppm d
i F 7337 L16 083 030 337 382 130ppm  2.17ppm
c.ux Prom 14 From 760
E |Sotation 12.069 o -~ od w0 - - -
© 3SgL 1270 mg/L,
b} Metals partition among flotation fractions and sotution (%).
Non Flomble 24 583 03 08 37 142 495
Fraction (NF)
Mixed Fraction - 1.7 14 2.7 10 1.6 03
2] M
~ | Flomble 480 420 481 965 932 842 495
Fraction (F)
Solution 0608 -~ 07D 23D - - -
NE 02 668 32 0.1 - 9.58 d
2IM 02 129 0.7 27 3 5.76 d
g 390 206 8386 912 97 84.66 n
Solution 60.6/96.9%) ~ 1218417 nd - - -
NE 28 713 47 878 21 8.1 m
B (M 0.8 1.8 09 532 1.3 1.8 rd
™ |F 195 214 579 8165 966  90. 64
Solution 79.0 - 33.5 424 - - -

1)  Precious metals concentraton is expressed in ppm.

2) Elemental sulfor

3)  After sulfate teaching before L-F step (see Table 2.7 - Expecimental arrangement ¢ase A)

4)  Logs of sample weight during L-F process

5} Meual exsracidon in the L-F stop only(%)/cuwnmulative exvaction after L.F siep (sulfate leaching and
L- F step(%))

6) Cummulative extraction

7} lron precipitation fom sofution duing L-F step, as 102.8% excess in cetation o the inidal content of
ron in the raw material

nd Notdelemmined
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Table 2.9. Leaching flotation test of sample #4 (TRIO)

a) Mass distribution and metal concentrations in the flotation fractions and leach solution

Fracton Concentration (%) Cone. {ppm)
Distibu-

Specificaton  tion, % Zie lead Copper TIron  Sulfir?  Silver  Gold
. |Ore 100 750 7.3 135  25.0 - 118.8 3.98
S INF 609 404 89 05 217 nd 55.5 3.04
gM 1.5 514 116 0.6 223 nd 96.5 - ™l

F 37.5 938 3.1 27 402 nd 232 2.96
LE From 5.2 From 0.19

Solution nd to - 1o od - - _
g 5.8 oL 029 gL
o | Raw 100 095 12.83 1.76 314 73 158.7 53
8 | Materials3)
§ NF 2312 003 276 0.04 016 0.5 2073 nd
g [M 1274 od od nd nd (32) (1674) nd
5 |F 5191 118 25 046 ol 184 1276 nd
5 | Selution 122149 126 - 0.07 3.7 - 4.0 -
" g/L gL gL

b) Metals partition among flotation fractions and solution (in weight percent)

NF 36.7 837 240 529 nd 32.1 52.7

M 1.1 2.7 08 1.0 nd 1.4 nd
Z|F s5.0 181 838 473 o 829 315

Solution 7.9 - 6.9 nd - -~ -

NF 0.6  65.48 0.5 0.11 1.1 230 d
(M 66) (2129 @49 ot @1 102 nd
& |F 36.1 1323 133 rd 948 3138 ~d

Solution 56.192.75) -~ 8138 84 - nd -

Notes 2-6 as in Table 2.8

Values in paranthesis are balanced to 100%
NF - Non Flotable fraction; M - Intarmediate (Mixte) fraction;
F - Flowble fraction; nd - not determined

Results of the 4th experiment, conducted with sample #4, was significantly different. Extraction of zinc and copper
during the L-F process was very low - 7.9% for zinc and 6.9% for copper. Relatively high accumulation of coppes and
silver, higher than 80%, was found in the flotable fraction. Lead remained predominanfly in the non-flotable fraction.

Other L-F experiments were preceded by the snlfate leaching step. Because acceptable zing extraction requires several
hours of leaching, the continuous and simultaneous action of much faster flotation is troublesome. The continuous flotation
causes too fast removal of nonreacted sulfides from the reactive medium. This is exactly the reason that in the 1st, 2nd
and 5th experiment, the L-F process followed the 2-4 hour sulfate leaching step, without simultaneous flotation. In the
1st and 2nd experiment, lotal zinc extracdon was about 96%, while copper 50.7% and 84.1% respectively. As in previous
experiments, the “nonsoluble copper” was ¢asy 1o concentrate in the Rotable fraction and lead in the nonflotable fraction.
The result from the 1st experiment, where partidion of lead between principal fractions was equilibrated, is exceptional. The
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5th L-F experiment was also proceeded by sulfate leaching and the resulting distribution of zinc, lead, copper and sulfur
were similar to those of other L-F experiments.

The partitioning of silver and gold was notuniform over all experiments. Silver was concentrated in the flotable fraction
as well a3 in the nonflotable fraction. Nor was any regularity of gold distribution observed. Perhaps this irregularity is
caused by the limited accuracy in analyzing for the low concentration of silver and gold. The mass balances of siiver and
gold based on AAS analyses and presented in Tables 2.8 and 2.9 show an excess of about 15% of these metals in comparison
to their concentration in the ore samples. In order to explain the cause of thig behavior exhibited by silver and gold, additionat
L-F tests, as well as sulfate or chloride leaching tasts, were pecformed on the separated “bulk” fractions after the 1st and
4th 1-F experiments. Precious metals distributions over these multistage leaching-flotation tests are presented in Figures
2.25 and 2.26.

Based oa these results it is difficult to state the best conditions for the concentrarion of precious metals and for their
accumulation into one product of the leaching-flotation process. One valuable observation is that silver is accumulated
in the flotable fraction rather than in the “heavy™ nonflotable fraction, which containg the nonflotable portion of pyrite.
Additional sulfate leaching tests carried out with the flotable fraction of sample #1 and with the nonflotable fraction of sample
#4, after the L-F step, are described in Chapter 2.6.

The flotable fraction from the 3rd experiment (Tables 2.7 and 2.8) was leached with the solution from the L-F step,
after the solution had been regenerated under elevated oxygen pressure.The resulting zinc and copper extractions are

Qra Sample
¢ 1{LPV)

150.459 | Ag 92.8 pom (100%)
Ay 23.004 ppm (100%)
©

[54%cn0a]

132.049 |49 19s. ppm (99.5%)
- AU 342 ppm (100%)

NF e(ag) 'n_[—’ F

19.84 9 110.0849 Ag t08. Ppm (B3.7%)
Agd 1‘00 ppm (14.2%) Au 409 opm (96.5%)
Au 0.7 ppm (6.6%)
©) White - 5ol 3 F
Haavy [Teaghing & 8.009 : 42.48 9
11.849 57.609
A9 89. ppm (36.8%)
Au 3.8 ppm (48.5%) Ag125. ppm (47.1%)
Au  4.395 ppm (81.0%)
) A9 45.pOm (2.6%) ®; E

AV — 22.249

Ag 137. ppm (11.6%)
Au 0.7 ppm (0.4%)

Ag 85.62 ppm (32.1%)
Au 4.13 pom (47.8%)

A9 t55. ppm (4,83%)
Au 216 pom (2.80%)

Ag 130. ppm (45.2%)

A9 88. opm (1.5%) Au 4.5 ppm (48.2%)

Au 2.p0pm (1.1%)

Figure 2.25. Multistage leaching-flotation test. Preclous metals concentration and partltion in tha flotation
praducts. Other matais distribution In 1st L-F step - see 1at axperiment In Table 2.8.
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presented together in Figurs 227, along with those of the preceding L-F process, described earlier. 80% of zinc and 45%
of copper were extracted after two hours of the L-F process. After four additional hours of leaching with the regenerated

solution, total zinc recovery reached 96% and copper 57%. After an additional four hours, 99% of zinc and 65% of copper
were recovered.

A strong acceleration of zine extraction can be achieved during leaching under oxygen pressure. Results of such leaching

following the L-F process are also indicated in Figure 2.27 by the dashed lines. After two hours 98.5% of total zinc and
64% of total copper were recovered.

Ore Sample
+4(TRIO)

3615 | A9 118.8 ppm (100%)
Au 3.8 PPM (100%)

Q) ¢
3 ]ng T} -
claten | 165579
6229 48 232. _ppm (32.3%;
: u 2,96 PPM (31,8%
Ag $5.5 Ppm|[(32.2%)
Au  3.04 Ppm|(52.6%) AS 96.5 Ppm (1.4%)

@4 .

142,939

109.719 21.539

Ad 218.  pPm(36.7%)
Ag 247. ppm (46.2%) Au 2.82PAm (13 24)
Ay 3.3PpmM(18.8%)

Ag 28. ppm(9,2%)
Au 2.9 PpPmM (28.4%)

AG 91.3 pPM(23.0%)

Au 3.3 PPmM(24.8%)

Figure 2.26. Multlstage leaching-fiotation test. Sliver and gold concantrationa (ppm) and distribution (%).
Other matal distributlon ln 18t L-F step - sea Ath experimaent in Table 2.9.
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Figure 2.27. Zinc and copper extraction during leaching-flotation and jeaching tasts. Dashed line: pressure
leaching test (other conditions - see text and Tables 2.7 and 2.8).
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The nonflotable fraction from the 4th expariment {Tables 2.7 and 2.9) was leached with 20% sulfuric acid. The reason
this Jeaching test was conducted was because 2 secondary precipitation of solution components was observed during one
of the sulfate leaching tests (Figure 2.10). Since during L-F processing the same phenomenon can occur, it was of interest
1o determine the composition of the nonflotable fraction. Results of the sulfuric acid leaching are presented in Figure 2.28
together with results of the chloride leaching that followed.

In consequence, 88% of the solid sample was dissolved during two leachings; 75.5% during sulfate leaching and 12.5%
during chloride Jeaching. Analysis of the results indicate that the “white” nonflotable fraction (Figure 2.28) was composed
of basic sulfates of iron(TIL), zZinc and copper, arsenates of cat¢ium, iron(IT) and ron(11D), lead suifate, calcium sulfate hydrate
(gypsum) and nonsoluble gangue minerals. Zinc, copper and lead were totally extracted into solution. 87% of the iron
and 10% of the arsenic were extracted. During the calcium chloride leaching about 50% of silver was extracted to solution
100 (Figure 2.28).
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___ Sulfide Leaching | /
20% H,80,,90°C
0 ) Chioride Leaching
2 |-
i caGl, 220 g/
As | HCl 80 g/l
\ sa‘c
{ | f A \

Tima, min
Figure 2.28. Metal extraction from “whita” non-flotable fraction during sulfate and chloride leaching tests.

Ore sample #4 (TRIO) aftar 4th L-F experlment. Solid/liquld « 40g/0.7L. Initial contents of metals
In solid: Zn 0.4%, Pb 8.7%, Cu 0.1%, Fe 22.4%, As 6.3%, Ca 5.7%, Ag 28 ppm, Au 2.9 ppm.

2.6 Chloride Leaching of Flotation Products

Non-Flotable Fractions

Nonoxidative chloride leaching was applied for lead extraction from the nonflotable fractions produced in L-F process.
Lead sulfate is easily dissolved in concentrated solution of soluble chlorides (AICL, CaCl,, MgCL, NaCl, KCI). Dissolution
of galena PbS requires acidic or oxidative conditions. Where a calcium chloride is applied the concentration of sulfate jons
in the solution is controlled by crystallization of scarcely soluble gypsum CaSO,-2H,0:

PbSO,,, + Ca™ + 4CI + 2H,0 = PbCL* + CaSO, 2H,0,, 24)
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Lead extraction, by calcium chloride solution, from the “white” and the “heavy” nonflotable fractions is presented in
Figure 2.29. Both fractions were separated from the bulk nonflotable fraction obtained from sample #1 during the 3rd L-
F experiment (Table 2.8 and Figure 2.25). Reaction (2.4) is very fast and after a few minutes more than 99% of the lead
was extracted from the “white” fraction. Extraction of lead from the “heavy” fraction was slower. Finally, after 2 hours
of leaching, it was completed with high recovery of lead.

The chioride leaching tests on the “white” fraction from sample #4, after the 4th L-F experiment (Table 2.9 and Figuce
2.26), were carried out in four different solutions:

- sodium chloride (234 g/L NaClI)

- calcinm chloride (220 g/i. CaCl)

- calcium chloride with hydrochloric acid (166 g/L. CaCl, and 37 g/L. HCI)
- ferric chloride with hydrochioric acid (290 g/L. FeCl, and 5 g/L. HCD)

As described earlier, this “white” fraction was probably composed of the products of hydrolysis of the sulfate solution,
whose solubility is strongly pH dependant, and from other scarcely soluble sulfates and arsenates. The results presented
in Figure 2.30 indicate that only 20 to 40% of the lead is extracted to neutral calctum chloride or sodium chloride solutions.
Total Jead extraction is observed in acidified solutions of calcium chloride or ferric chloride. Zinc is dissolved only with
ferric chlonide solution, indicating that it was probably tn sulfide form.

Results of ferric chloride ieaching of the “heavy” nonflotable fraction of sample #4 after the 4th L-F experiment (Table
29 and Figure 2.26) are presented in Figore 2.31.

After 60-80 min of leaching more than 90% of the investigated nonferrous metals are extracted to the solution containing
only 202 g/L. of won(lIT).

Flotable Fractions

Resuls of ferric chloride leaching of the flotable fraction of sample #1 are shown in Figures 2.32 and 2.33, and of sample
#4 m Figure 2.34. :

The rapid extraction of silver and lead reaches 80-96% for Ag and more than 96% for Pb afier 2-4 hours of leaching,
The extraction of zinc was higher than 98% after 3 hours of leaching, The kinetics of copper extraction have a near linear
character. This is typical for reactions with a high energy of activation. Prolongation of the leaching time will undoubtedly
increase the yield of copper extraction.
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Figure 2.29. Lead extraction by calcium chiloride solution from two non-flotabls fractions: = - “white” fraction,
o - "heavy” fraction.
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Flgure 2.30, Lead and zinc sxtraction from “white” nonflotable fraction after 4th L-F experiment (Table 2.9
and Figure 2.28), during chloride leaching tests. Llquid/solld = 10g/0.3L. Temp. 80°C. a) lead
extraction in: sodlum chlorids - 234g/L, calcium chiorlda - 220g/L, calcium chloride - 166g/L,
with hydrochloric acid - 37g/L, ferric chioride - 290g/L, with hydrochlorlc acid - .5g/L; and
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Figure 31, Fetric chloride leaching of “heavy” nonflotable fractlon after 4th L-F experiment (Tabis 2.4), Initfal
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Figure 2.32. Ferric chioride leaching of flotable fraction after 3rd L-F axperiment (Table 2.8). Inltlal metals
concentration In solld: Fe 35.7%, Zn 0.38%, Ph 1.15%, Cu 0.18%, Ag 96 ppm. S/L=300g/1L

Initlal composition of solution: CaCl, 220g/L, HCI 44g/L, Fe 48g/L, Zn 2.8g/L, Pb 44/L,
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Figure 2.33. Ferric chloride leaching of flotable fraction after 2nd L-F experiment (Table 2.8). Inltlal metals
and suffur concentration In solld: Fe 43.2%, Zn 2.45%, Pb 1.33%, Cu 0.33%, Ag 1768ppm,
S° 7.2%. S/L = 250g/L [nitial composition of solution: CaCl, 220g/L, Fe®* 74g/L, pH 0.7.
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Figure 2.34. Ferric chloride leaching of the tiotable fraction after 5th L-F experiment (Table 2.9).
S/ = 50¢/0.7L. pH 0.2, Temp. 90°C.

2.7 Sulfur Recovery

Only a small portion of the total sulfidic sulfur is ransformed to its elemental foom during leaching. The maximum
amount of elemental sulfur that can be generated corresponds 1o the total concentration of decomposed sulfides ip oxidative
congditions applied in our tests. Theoretical amounts of elemental sulfur thatcan be formed, calculated from the compositions
of the are samples, are compared in Table 2.10 to actual sulfur yield from sulfate leaching and leaching-flotation tests (Tables
2.8 and 29). As indicated in Table 2.10, the concentration of ¢lemental sulfur in the solid residues after ferric chloride
Jeaching is only slightly higher than the elernental sulfur generated during sulfate leaching and leaching-flotation steps.

Elemental sulfur was extracted by xylene from the solid residue after ferric chloride ieaching of the flotable fraction

from the 2nd L-F experiment. The yield of extraction was about 96%. The remaining solid residue, after sulfur extracton,
was then direcied to gold leaching by cyanide or thicurea solution.

2.8 Gold Extraction

Gold extraction tests were performed using ¢yanide and thiourea solutions on ore sample #1 and on three solid residues
after different steps of treatment. The leaching ¢onditions were as follows:

- Thiourea leaching: [Th] = 50 g/L, (Fe2(SO3] =25 g/L, [H,SO,] =40 g/L, pH = 1.15, temp. 25°C, solid/liquid
= 70 to 100 g/0.2L, time of leaching - 20 h;

- Cyanide leaching: (NaCN}=1g/L, [NaOH]=2g/L,1emp.25°C, solid/tiquid = 70 to 90 g/0.3L, time of Jeaching
= 48 h.

Results of the tests are surnmarized in Table 2.11.
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Table 2.10. Maximum of elernental sulfur that can be generated during ferric sulfate and ferric chloride
leaching in experimental conditions and amounts of elemental sulfur found in solids after sulfate Jeaching

and leaching-flotation tests.
Maximum S° §¢ found after L-S step (%)
generated during
Ore leaching™ Experiments**)
Sample
after after 1 2 3 4 5
sulfate chloride
leaching leaching
# LPU 4.94 14.22 12.79  14.17 8.06
#2 LPL 5.56 15.63
#3 DDS 5.25 12,62
#4 TRIO 10.01 36.8 nd 34.70
#5 DDN 11.71 28.1
#6 DDN 24.90 80.1
*  Calcufated
»*  According Table 2.8 and 2.9; only for ore samples #1 and #4
ad not determined
Table 2.11. Gold concentration at different stages of tested flowsheet.
Saolid Samples Concentration Leaching Extraction
of gold in Agent (%)
sample (ppm)
Ore 348 Aqua Regia Total
Residue after sulfate 3.72 Thiourea 70.7%
leaching
Residue after ferric 4.48 Thiourea 714%
chloride leaching
Residue after soifur 4.52 Cyanide 88.7%
extraction
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2.9 Iron Oxidation by Oxygen

Iron oxidation of spent leach solutions accomplishes three goals:

- regeneration of the leach solution:

2Fe** + 1/2 O, + 2H* = 2Fe** + H,0 (2.5)
- precipitation of excess iron acenmulated in the solution during leaching, i.e.

2FeCl, + 3Ca0 + H,0 = 2FeOOH + 3Ca(l, (2.6)
- purification of zinc sulfate solution prior to electrolysis:

2FeSO, + 1/2 O, + 3H,0 = 2FeO0H + 2H,SO, 2.7

Such oxidation is very fast whenr oxygen is dispersed in solution under elevated pressure. Oxidation of ferrous chloride
solution is easier than that of ferrous sulfate and can be conducted at lower pressure and temperature. The fiigh corrosivity
of chloride solutions presents engineering problems and at this stage of research only the oxidation of ferrous sulfate could
be conducted at MIRL..

Oxidation of ferrous sulfate solution under a pressure of 40-140 psi was carried out in a 2-liter stainless-steel Parr-
amoclave equipped with the following: a pyrex liner, 2 stirrer, a system for continuous feeding and dispersion of oxygen
under pressire, a heating system, a temperature and a pressure control, and regrlation systems.

Regeneration of the leaching agent can be coupled with precipitation of ¢xcess iron in one operation carried out under
relatively low oxygen pressure 40-140 psi and at low temperaawe 70-90°C.

6Fe* + 3/2 O, + H,0 = 2FeOOH + 4Fe* (2.8)
The kinetics of sach an oxidation are shown in Figure 2.35 and typical conditions are described briefly in Table 2.12.

For the most part, solutions applied in the suifate leaching and leaching-flotation experiments were regenerated using this
technique.

100
* a0
c
Q
e
-
L ]
£ 60
o
[T
E Tamp. 80-90°C
s or o, 140ps) -
-
-3
-
T 10 1
-]
- 2Fe80, * -‘;O, +H,S0, » Fai(SO‘): ON’O

1
2Fe50,+407 » IH,0 8 2FeO0H 21,30,
| A i [ 1

¢ w0 20 3o 40 §0 60

Yime , min
Figure 2.35. Typleal charactaristics of ferrous suifate oxldatlon by oxygen with partial
precipitation of iron as FeOOH.
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Table 2.12. Regeneration of the leach solution by axygen with partial precipitation of iron.
Conditions: temperature 80-90°C; oxygen pressure 140 psi, double stirver rotation 30 gec.
Total time of experiment: 30 min.

Concentration, mol/L

Before regeneration” After regeneration®
Fe,(SO), 0.52 0.67
FeSO, 0.72 0.26
ZnSO, 0.53 0.50
CuSO, 0.02 0.02

1) After leaching-flotation step
2) Directed to the sulfate leaching step
3) 11% of iron (III) was precipitated after 20 min of oxidauon when pH reached 2.2

2.10. Summary Results

The results of metals extraction from ore sample #1 (LPU) and #4 (TRIO) are summarized below. Metals extractions
from the other ore samples during routine leaching tests were presented tn Tables 2.3, 2.5 and 2.6.

Zinc Extraction
- Direct nonoxidative leaching with HCl solution: 81%Y
- Direct oxidative leaching with FeCl, solution (2-step): 95-97%*
- Direct oxidative leaching with Fe (SO,), solution (2-step): 89%

with a subsequent leaching-flotation step: 96.9%
- Direct leaching-flotation processing: 9%
with subsequent leaching by Fe,(SO,), (1 step.4h): 96%
or with subsequent leaching by Fe,(SO), (2 steps,8h): 99%
or with subsequent oxygen pressure leaching (2 b): 98.5%

Copper Extraction
- Direct oxidative leaching with FeCl, solution(2 steps): 61%"®
- Direct oxidative leaching with Fe,(SO,), solation(1 step, 4h): 51-75%

or (2 steps, 2 x 4h): 81.4%

or with subsequent jeaching-flotation step: 84.1%
- Direct leaching-flotation processing: 33.545%

with subsequent Jeaching by Fe,(SO)), (1 step, 4h): 57%

or with subsequent leaching by Fe (SO), (2 step.8h): 65%

or with subsequent oxygen pressure leaching (2h): 64%

and with subsequent FeCl, leaching of the flotable fraction: 72-92%

and with additional recavery of copper from the nonflotable fractions

(simultaneous with Jead extraction): 74-96%
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Sulfur

Extraction
Direct nonoxidative leaching with HCI solution: 96.8-99.9%
Direct oxidative leaching with FeCl, sotution: 96-97%
Leaching of the nonflotable fractions with CaCL + HCI solution: 52-19%
with additional recovery of lead from the flotable fraction during
FeCl, leaching (simultaneous with copper and sitver recovery: 96-99%
Extraction
Direct gxidative leaching with FeC, solution: 85%1Y
Leaching of the flotable fraction with FeCl, solution: 70-86%"
with additional silver recovery from the nonflotable fractions
during CaCl, - HCl leaching (simultaneous with lead exiraction): 84-91%
and with additional recovery during cyanide or thiourea leaching
for gold recovery: 86-96%%
Extraction
Cyanide or thiourea leaching of the solid residue after FeCl, leaching
of flotable fractons: T1.4%>9
Cyanide ar thicurea leaching of the solid residue after sulfur extraction: 88.79%9
with additional gotd recovery from the selected “heavy” nonflotable
fraction; ~90-92%5
Extraction

Extraction with xylene from solid residue of the flatable fraction
after FeCl, leaching: 14%%

Notes: 1) From sample #1 only; 2) From the 140-170 mesh size fraction. All other cases: 325400 mesh size fraction; 3)
With experimental accuracy about + 14%; 4) Without gold recovery from noaflotable fractions; 5) Theoretical estiration,
no experimental confirmation; 6)Percent of total sulfidic suifur in sample #1, including FeS§,.

2.11 General Recommendations for Future Research

The general recommendations for future research are comprised in 3 following tasks:

1.

It is necessary to continue laboratory research (o define a better separation of Iead in the leaching-flotation step.
A more distinct concentration of precious metals in the ore flotation fraction should also be researched.

A study on precious metals association with other sulfides in terms of their hydrometallurgical properties, musc
be continued on samples representative for economic part of the Delta deposit.

The very low concentrations of gald and silver in the ore and the multiple ransformation of the solid material
during successive processing, up to the point of precious metals extractions, makes their accuraie determination
extremely difficult at the present small laboratory scale, Research must be continued a¢ Yarger, several-pound
scale which wiil aliow for accumulation of the solid semi-products directed to precious metals recovery.
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2.12 Conception of Hydrometallurgical Processing of Delta-Ores

The mass balances for the three flowsheets of a direct ore processing are calculated 6n the basis of laboratory results:

- direct ore leaching with ferric chloride solution followed by a leaching-floladon step, with subsequent zinc
separation in 2 solvent extraction step and electrolysis in chloride solution,

- direct ore leaching with ferrie sulfate solution followed by a leaching-flotation step, with zinc sulfate electrolysis
and other metals recovery in chloride leaching steps;

- direct ore treatment by leaching-flotation steps coupled with leaching with ferric sulfate sotution, followed by
with zinc sulfate electrolysis and other metals recovery in chloride leaching steps.

Tn all flowsheets silver is recovered during the chlorde leaching steps and gold from flotation products during the cyanide
Jeaching.

In the first flowsheet (Figure 2.36) ore is leached with concentrate sofudon of calciom and magnesium chlorides,
containing ferric chloride. The principal objective of this operation is to supply a solution with minimum concemration
of ferric chloride to solution treatment steps. Only about 30% of total “soluble” sulfides are decomposed in the 1st leaching
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Figure 2.36. Flowsheet of the ore treatment with dlrect ferric chloride leaching. Only the main
components of golution are Indlcated.

36



step during nearly total transformation of ferric chloride to ferrous chloride. Then about 60% of the dissolved lead is
crystallized as crystalline lead chloride PbCL, from the solution which is subsequently directed to copper cementation by
iron followed by zinc separation in the solvent extraction steps and electrolysis in diaphragm-electrolyzers. The stripped
solution, enriched in hydrochloric acid after sofvent extraction and electrolysis, is oxidized by chlorine gas from electrolysis
and by oxygen under elevated pressure. In this manner 30% of the iron is precipitated from solution as goethite FeOOH,
while 70% of the ferrous ions are oxidized to ferric ions. This strong oxidative solution containing FeCl, is for the second
time contacted with the partially leached ore in a leaching-flotation step. The general task of this step is the maximum
extraction of metals from the ore, and solution leaving this step has enough of nonreduced ferric chloride to dissolve about
30% of the “soluble” sulfides in the first leaching step. The best conditions for total metal extraction during L-F processing
will probably be better when oxygen necessary to regenerate iron(III), will be supplied under an elevated pressure, Two
solid flotation products are separated during the L-F step: the nonflotable fraction containing gangue minerals, depressed
pyrite and other oxidized solid phases, and the flotable fraction containing sulfur and the incompletely decomposed “soluble”
sulfides. Nor the secondary flotation of the nonflotable fraction producing the “heavy” pyritic fraction and the gangue
minerals fraction, nor the cyanide leaching of gold from the “heavy™” pyritic fraction are shown in flowsheet in Figure 2.36.
These possibilities are evident in the light of laboratory results. Consumption of reagents and other anticipated dara for
the treatment of ) t of the ore are presented briefly in Table 2.13.

In the remaining two flowsheets the general base of processing is the same. Leaching steps are coupled with leaching-
flotation steps according to the different path of liquid and solid (Figures 2.37 and 2.38). The same processes are applied
for purification of the zinc sulfate solution directed to electrolysis and the same leaching processes are applied to leadrecovery
from the nonflotable fractions, copper and silver from the flotable fractions, and gold with residual silver from the “heavy”

Table 2.13. Consumption of chemical reagents and electricity in electrolysis, amounts of winning products
per 1t of ore and composition of solid residue after treatment. Ore Sample #1 (LPU), according to
flowsheet presented in . Figure 236

Reagents kghtore
97} 17.95
HCl 18.45
Iron 2.29
Electricity*) 149.86 kWhi
Products kg/t ore
PbCly 36.98
Cu 3.68
Zn 64.32
S° 46.32
Solid Resid omposition. %
FeS, 68.0
FeAsS 1.0
Gangue 16.5
Other Sulfides 0.5
Water (humidity) 14.0

*) for electrolysis only, 2.33 kWh/kg Zn [2.21)
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pyritic fractions. The process presented in Figure 2.37 is easier to carry out and to control, especially during the leaching
and leaching-flotation steps. However, the dissemination of pyrite into both the nonflotable and flolable fractions requires
an additional separation of pyrite in the “heavy” fraction prior to the gold recovery step. The flowsheet presented in Figure
2.38 has a more complicated path of 3od and liquid during leaching and leaching-flotation steps. but it is expected that
thig ¢onfiguration will allow for the toial accarnulation of pyrite in the flotable fraction.

Both flowsheets are calculated for a hypothetical feed material containing 25% of ore sample #1 (LPU), 25% of sample
#2 (LPL) and 50% of sample #4 (TRIO). All three ore samples have high concentration of precious metals and other
nonferrous metalfs, Ore #4 contains a larger percentage of readily decomposable iroa sulfide FeS and cannot be used. for
iron hydrolytc precipitation {rom the zinc sulfate sofution.

As shown in Figure 2.37 two raw material paths are joined into one flow foliowing two different initial operasions.
Ore #4 is directed (o initial sulfate leaching conducted under low oxygen pressure. In this stage all easily “soluble” sulfides
{PbS, FeS and partially ZnS) are decomposed. Fast dissotution of FeS supplies iron o solution. This iron is oxidized by
oxygen and plays a principal role in teaching:

FeS + 12 O, + H,8O, = FeSO, + H,O + §° 2.9
2FeSO, + 1/2 O, + H,SO, = Fe,(SO,), + H,O (2.10)
The sulfuric acid consumed in these reactions is supplied by spent electrolyte after zinc electrolysis (Figure 2.37).

The second portion of the ore is used as a neutralizer for iron precipitation from zinc sulfate solution. In this reaction
oxygen under elevated pressure participates in reaction of precipitation of goethite FeOOH:

FeSO, + 1/2 O, + 3H,0 = 2FeOOH + 2H,SO, (2.7

Total precipitation of iron requires neutralization or other removal of the sulfuric.acid produced in this reaction. The excess
acid is here consumed in the reaction of sulfides dissolution:

ZnSO
[%gg](s)+1002+H2§04= [P%SO‘;(;‘)‘)] +S+H0 @2.11)

A part of iron precipitated in the hydrolysis step is afterwards dissotved during the leaching-flotation processing. The
undissolved part of iron accumulates as FeOOHR in the nonflotable fraction which is directed to the fead extraction step by
the calcium chloride solution. In an additional flotation step the “heavy” pyritic fraction is separated from the “white™
nonflotable fraction containing goethite FeOOH, gypsum CaSO,-2H,0 and insoluble gangue minerats. The flotable fraction,
after leaching-flotation in sulfate solution, is directed to the ferric chloride leaching step where nearly total copper and silver
are recovered. Then, during a routine flotation step sulfur is separated from a depressed pyritic fraction and is recovered
by orne of the known processes. The remaining pyntic fraction and a portion of other nonreacted sulfides after the sulfur
extraction step, join with the “heavy” pyritic fraction and are together directed to gold recovery in the cyanide leaching
step.

Rerurning to the middle of Figure 2.37, the sulfate solution (filtrate after the solid flotation product separating), can
be oxidized prior 1o the hydrolysis step to induce a partia) iron precipitation, if the iron concentration in solution is too high
to be neutralized by the raw sulfides in the hydrolysis step. Supplementary operation of copper cementation with zinc can
be considesed 100 i the copper concentration in sulfate sotudon is too high. This is shown in the second “sulfate” flowsheet
(Figure 2.38). The removal of excess iron and other components contaminating chloride solutions is also shown in Figure
2.38. Consumption of reagents and other anticipated data for the treatment of 1 ¢ of mixte ore are presented in Table 2.14.

‘The mass balances calculated for these simplified flowsheets considers only chemical reactions and does not take into

account many technical operations such as liquid/solid separation, washing, liquid evaporation etc. Moreover the mass
balance calculated for the “sulfare” flowsheess are used for an initial evaluation of proposed flowsheets.
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Table 2.14. Some anticipated data for ore treatment according to the 15t and 2nd
simplified "sulfate” {lowsheets:

a) consurmption of chemical reagents and electricity for zinc electrolysis per 1 ton of rasv material containing
25% of the ore sample #1, 25% #2 and 50% #4

Reagent Consumption tons Unit price Chemicals cost
per 11 of ore $t $/t of ore
1stl) 2nd2 156D 2042
flowsheet flowsheet
Oxygen 0.054 0.044 180 972 192
Sulfuric Acid 0.098 0.085 80 7.84 6.80
(56%)
Hydrochloric 0.025 0.038 100 2.5 3.80
Acid (36%)
Zinc - 0.007 880 - 6.16
Iron 0.011 0.004 120 1.32 0.48
Calcinm Chloride 0.010 0.014 80 0.8 1.12
Cyanide 0.001 0.001 120 0.12 0.12
NaOH 0.004 0.004 500 2.0 2.0
Ca0 0.030 0.027 S0 1.5 135
Organic (Xylene) 0.005 0.005 600 3.0 3.0
Gold sorption approximative cost 3) 0.7 0.7
Electricity®) 227.2 KWh 2272 kWb 0.04 9.1 9.1
Chemicals & electricity total cost 38.6 42.55

b) Metal and sulfur production from 1 t of the same raw material

Products Tons Unit price Value $ from
per 1 t of ore’) $f 1 tof ore
Zn (electrolytic) 0.071 849 60.28
Pb 0.048 428 20.54
So 0.046 142 6.53
Cu 0.0085 1448 12.31
Ag 0.1048 kg 159/kg 16.66
Au 0.003015 kg 10824 /kg 32.63
Winning metals & sulfur total value 148.95

1) After Fig. 2.37

2) After Fig, 2.38

3) Assumed cost, about 2% of recovered gold value
4) Average 3.2 kWh/kg Zn, in electrolysis only

5) The same recovery for 1st and 2nd flowsheet
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2.13 Preliminary Economic Evaluation

The cost of the reagents and electricity consumed according to the 1st snlfate flowsheer (Figure 2.37) is 38.60 3/t of
the ore, and 42.55 $/t for the 2nd flowsheet (Figure 2.38). The value of the recovered metals is for both flowshegts the
same and az this time amounts 148.95 §/t of the ore. 26% to 28% of this sum is making cost of the reagents and electricity
(in electrolysis, only). The engineering design of the plant cannot be determined on the actual results of research and no
precise economic estimation can be made. Only a comparison of value of metals and sulfur in the investigated ore samples
is presented in Table 2.15.

Sample #4 (TRIO) has the highest metals and sulfur values (192.748/t). Values of sample #1, #2 and #6 are nearly
equal. Samples #3 and #5 have the lowest value.

2.14 Techmnical Conception of the Delta Ore Treatment

The economic success of all new processes is a function of both the technical possibilities and the engineering concepts
for industrial plants. For this reason, a trial of the technical characteristics of the proposed “sulfate” process flowsheets
was made, based upon present levels of knowledge.

This analysis is presented in the form of a table (Table 2.16) in which the unit processes are characterized by specific
conditions and paramneters and by the type of apparatus desirable or required. Further information about these unit processes
may be obtained from the references and by undertaking other studies recommended by the authors.

An 1llustration of the authors’ idea, a simplified flowsheet of a piant corresponding to flowsheet presented in Figure
2.38 is shown in Figure 2.35. The ore (14t/h) is fed simultaneously into a 3-phase reactor (1) and a leaching-flotation mulii-

Table 2.15. Values of metals and solfur in 1 t of the investigated ore samples.

Values of metals and sulfur ($/t ore)
Price

S/t #1 #2 3 #4 #5 #6
Metal (Tune 1986) LPU LPL DDS TRIO DDN DDN
Au 10824/kg 37.67 28.25 8.12 43,08 20.89 6.71
Ag 159/kg 14.74 16.36 1.29 18.89 549 1.24
Zn 849 5629 62.32 136 63.67 22.75 73.27
Pb 428 12.11 12.75 0.26 31.24 5.14 0.34
Cu 1448 5.50 5.79 11.58 19.55 21.72 17.09
Y 142 6.60 7.0 630 11.42 14.71 34.08
(@ Towl2) 132.9 132.5 2891 187.85 9070  132.74

(b) Sulfur
as HpS043) 80 7.4 7.5 9.1 4.8 7.1 1.7
Total (a) + (b) 140.3 140.0 38.0 192.6 98.4 134.4

1) Only elemental sulfur generated during leaching
2) Theoretical value, to recavery on the hydrometatlurgical way
3) Sulfur as HySOy4 from pyritic residue
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Table 2.16. Level of knowledge and some specific conditions, parameters and the most important apparatus for the
processing of 100,000 tons of ore per year. Flowsheet with direct leaching-flotation processing in ferric sulfate solution
(Fig. 2.38 and 2.39).

Study?)

Opera-  Unit Prin- Conditions Rate Apparats type, Reference o the
ton Process  cipal and of Materials, Required Knowledge Levet?)
No. Resction  Parameters Process!) Equipmern
No. Indus- Other
Lab. Pilot by Rmks
1 Hydrolysis 2.8, Precipitaidon of Congnuous Lab. (221) 2.24
2,9, toeal iron; Fast gas/diquid/solid Sindy 222,225
2.11 Fe final cone, pressure reactor, 223
below 200 mg/L: rixing by injecting
Temp. 80-90°C; axygen; initial Eng.
pH~2:P(ymS0-100psi S/L seperation Study
. with cyclone
2,3  Leaching- 2.1, Two steps of L-F Continuous.ges/ Lab,  2.15(226)
Flotation 2.2,  process in fertic Mod-  Uqud/solid Soudy 227
2,3, sulfae sohution; erate pressure flota-
2.5, Temp. 80-90°C, ton columnwith  Eng.
27, Pp,<50-100 ps, oenerifugal sepa- Study
28 pH=12 tion of Uguid/solid/
oxygen suspension;
minuuum 4 mixing/
flotation uniis in
one colamn
4,5 Leaching- 2,0, Twoswpsof L-F Contintous,gas/ Lab. 2.26)
Flotation 2.2,  process in faric Slow  Lxquid/solid Swdy 227
2.3,  sulfate solution: pregsure {towa-
2.10 Temp. 80-90°C ton column,with  Eng
PD,=50-100 psi centrifugal sep- Study
pH = 0-1 aration of suspen-
dion Wwith higher
capacity than for
operation 2 & 3,
Min. 6 mixing/flo-
tation umits in one
colwnn
6 Filtrarion - Fine particies of Very High anface Ind, 226 known
goethite, gypsusn Slow pressure fler Proj.
and insolubte with water washing
gangue mineral;
Pressure 40-90psi
temp. 70-80°C
7 Filoratign - Coarss floble Prossure filler; Eng. 226  known
fraction of sul- Mod- goad filraton; Stwdy
fur and not reac- erate water washing
ted sutfidex: DOCCSSATY, DX YReN Constr.
pressime 40-90 psi collected must Proj.
tlemp. 70-80°C; be compressed of
Separation of about 20 psi and
OXygen bacessary under pressure 60-
120 psi wrned
- back 10 process
§  Cementadon 2.12% Cementagon of Fast Standard nd. 227 known
copper by zinc from thickener Proj.
punfied zinc sul-
fate soluion with
solid penicles
sedimen|ason




Table 16. (cont.)

Opers-  Unit Prin. Condivions Rag Apparans typs,  Smdy? Reference w \he
tion Pracess  cipal aod of Materialg, Required Koowledge Level3)
No. Reaction  Parameters Process!) Equipment

No. indus- Other

fab, Pilot oy Rmks

9  Elecrolysis 2.13%) Zinc slecuolysis: Swnderd Ind. 227 fmown
(Za] from 110 g/ Stow  electolyzers Proj. :
w 60 gL
10 Calcium 24  Concentraee solu- Typical vessel- Test (2.11)
chionde tog of CaCly Fast TeaCtor with Lab.
leaching (200-220 g/Ly;pHxl: mechgnical mixing
lead conc. 10-18g/L; moderate chigride
Temp. 30-30°C corrosion
11  Crysal- Crystallizarion Crystallizer Test 230
Hzarion about 30% of Pb Mod-  with continuous Lab,
in form of PbCly erawe separations of
crysials, by cool- crystats by
ing from 80-90 to cyclon¢ ar cen-
50-60°C * irifuge; moderato
corrasion by
chiorides
12 Precipi- 2.6  Precipiadon of Typicad, not Test (221) 2.24
ation iron excess by Slow daefned | Lab, 222 (225)
C20; Temp 60-70°C 223
Probably with
slow oxidarion by
0xygen under agmos-
phéric pressure
13 Femie 2,149 PeCly and HClin Typical vessal Constr. 2.7 2.11
chioride concentrate CaCly Mod-  reactors, thick- Proj. 2.9
leaching and MgCly soln. crate ener andl bekt-
[Fe(I)}m30-70gL filter, strong
(HCl)w2-20g/L; corrosion by
[CaCl1=60-80g/1; chiotdss
MgClaJe60-80g/L,
Temp. 80-90°C
14 Cemems.  2.12% Cemcnmton of Column system Lah, 227
Lon copper and silver Fast with fixed bed ad
by iron of iron pellets Eng.
or scrap Stdy
15 Oxidaion 2.8  Precipimyon of Gas/Liquid/Sotid Test  (221) 224
33% of iron from Fast low prossure 1ab 2.22,(225)
solution nder reactor with Constr. 2.23
elovaced oxygen injector. Ini tial Proj.
pressure, 50-100psi cyclone s¢paraton
Temy 70-80°C and Gnal with
pressure filter
Strong corrasion
by chionides

1) Very fast. fast, moderate, slow

2) TEST LABR. - Process i$ known, needs contro} st on the representative ore sample only.

LAB. STUDY - Study on the kinetics reactions required

ENG. STUDY - Study on tic cngineering aspecs and process concepiion required,

CONSTR, PROJ. - Process is sufficiendy known o undenake ¢onstruction projecis

[ND. PROY. - Standard tzchnology and apparanis cOnSuction needs orly project on e indusirial plant.
[cems in paranthesis concem other similar processes or unit operation

Zn + CuS04 = ZnS0,4 + Cn (2.12)

ZnSQ4 + H20 = H2504 + Zn (2.13)

CuFeS§q + 4FeCl3 = CuCly + SFeClp + 25 (2.14)
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Figura 2.39. Concept of the ore treatment plant according to the 2nd varlant with leaching-flstation
gtepa in ferric sulfate solutlon. Numbars in circla correspond to the unit process
numbers In Table 2.16.

step reactor (2)/(3). Inreactor (1) nearly total iron is precipitated from zinc sulfate solution by reaction with easy to dissolve
sulfides other than FeS, (ore sample #1 & 2) under elevated pressure of oxygen. In the L-F reactor (2)/(3) the nonflotable
fraction of the reacted pulp of ore #4 and the solid from reactor (1) is separated from a “bulk” flotable fraction and directed
10 the calcium chloride Jeaching step (10). The “bulk™ flotable fraction is directed 10 a second leaching-flotation multi-
step reactor (4)/(5). From here the separated flotable fraction is directed after filtration ia (7) to the ferdic chloride leaching
step (13). The “sulfate” solution from the leaching-flotation reactors is supplied from fifters (6) and (7) to the reactor (1).
The solution from (1), after reacting with ore #1 and 2 and separating from solids, is directed to final purification (8) and
znc sulfate electrolysis (9).

The total volume of L-F reactors will probably be below 80 m?, for processing 100,000 tons of ore per year. This figure
is based on the kinetics of zinc extraction from the invesdgated ore samples.
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ABSTRACT

This report contains results of the Fluidized-Bed Leaching (FBL) initially adapted to improve Leaching-Flotation (LF)
processing of Delta ores in sulfate solugon. The research carried outin the continuous laboratory installation show, however,
that the new, 3-phase (solid-liquid-gaseous) reactor also performs satisfactorily in other Ieaching systems. A new process
of pyritic matnix destruction for precions metals recovery in the FBL reactor, and a new process for recovery of zine and
other metals in a chloride system are proposed on the basis of laboratory results.



3.1 Introduction

The general rescarch program on hydrometallurgy of Delta ores conducted for the Nerco Minerals Company in 1986/
87 was divided into two parallel investigations:

Ist - research on ferric chloride leaching, conducted by Dr. Hsing Kuang Lin, and
2nd - supplementary research on the Leaching-Flotation (LF) process in sulfate solution under elevated pressure of
oxygen, conducted by Dr. F. Letowski.

This report contains results of the supplementary research but they are not necessarily limited to sulfate leaching. The
Fluidized-Bed Leaching (FBL) system initially adapted only for improving the LF process in sulfate solution was tested
for mixed sulfate/chloride and different chloride systems also.

Results of the following research are described:

1. Experiments on Leaching-Flotation processing of the old (1985) LPU ore-sample. The tests were carried out to
confim results described in Chapter 2,

2. Fluidized-Bed Leaching and Flotation tests conducted on the new (1986) LP ore-sample, under elevated oxygen
pressure in sulfate solution. The tests, carried out in a continuous laboratory instatlation were extended by chloride
leaching of lead and silver immediately following sulfate leaching in the same installation.

3. PFluidized-Bed Leaching tests on the LP-86 new ore-sample in ferric chloride and cupric chloride solutions under
OXYEEN pressure.

4,  Supplementary investigation of Delta ore processing with mixed sulfate/chiloride and other chloride systems. This
investigation was dope as a consequence of features of the Fluidized-Bed Leaching system that allow considerably
improved recovery of metals from ore.

5.  Gold and sulfur extraction from residues after FBL processing.
6.  Study of FBL adaptation to existing and new processes.

The research described in this report was performed with active participation from Mrs. Wendy Atencio. Her
contnbution, apart from the routine chemical analysis, was as follows:

- Carrying out the non-pressure experiments on the leaching and leaching-flotation processes, including calculations
and graphical representation of the results, and partcipating in the final analyses of experimental data and final
preparation of the report,

3.2 Supplementary Tests on the LPU Ore

The supplementary tests of ferric sulfate leaching were performed in the same general conditions as the test described
in the 13t stage report (1986) but with concentration of ferric sulfate halved. Initial iron concentration was diminished from
about 60 g Fe/l in previous tests, to 34 g Fe/l in this test.

Two LPU ore-samples were leached according to the 2-step flowsheet presented in Figure 3.1, The first sample was
leached by new solution i steps L.S-93 and LS-95. The second sample was feached in the first step L.S-94 by the spent
solution after 1.S-93, and in the second step 1L.S-96 by the new sofution. Solid residues from flows (4) and (7) were direeted
to the three-step Leaching-Flotation processing LF-97-99 in the spent solution from the previous leaching.
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one.
SampisLPU

Figure 3.1 Experiments flowsheet carried out with the old ore sample LPU (1985). LS-93 to LS-96: ferric
sulfate leaching under atmospheric pressure; LF-97 to LF-99: 3-step flotation under atmospheric
pressure in the ferric sulfate solution; LC-102; calcium chloride leaching; LC-103: ferric chloride
leaching; NF - nonflotable fraction; FF - flotable fraction, M - mixed fraction. The numbers
identify flows according to Table 3.1 and 3.2.

Three fractions were collected after LF processing: non-flotable (NF), mixed (M) and flotable fraction (FF). Praction
NF was leached in calcium chloride sotution (LC-102) and fraction PP in ferric chloride solution (LC-103). The mass balance
for the experiments, calculated from metal concentration in solids, is presented in Table 3.1, Metal concentration in solutions
are shown in Table 3.2,

Metals extraction at different stages of processing, calculated from the mass balance in solids, is presented in Table
3.3 and extraction progress during the leaching steps is shown in Figure 3.2. Kinetic characteristic of the Leaching-Flotation
step was not controlled. The time required for this step was not Jonger than 30 minutes. The metals partition among the
solution and the different solid fractions after the LF step are presented in Table 3.4.

General results of these tests confirm the data presented earlier in the 1st stage report (1986). Even with only hatf the
iron(11) concentration in the leaching solution, the final copper extraction (after ferric sulfate and subsequent chlaride
leaching) exceeds 90%. The silver extraction exceeds 85% (Table 3.3). However, for zinc leaching in ferric sulfate solution
only, the yield strongly depends on the leaching solution properties. The best zin¢ recovery was observed during leaching
LS-93 and LS-96 (Figure 3.3). The 2nd steps of leaching 1.S-95 and LS-96 produce relatively high ferric ion concentrations.
During 1.5-95 about 45% of the total iron in solution is in ferric form; during 1.S-96 about 30% is in ferric form. During
1 step-leaching (LS-93), the ferric fon concentration drops from an initial concentration of 0.46 mol/l to 0.12 mol/l after
the first hour. This corresponds to about 20% of the total iron concentration remaining in the oxidized form, Fe*.

During 15t step leaching (LS-94), LPU ore is contacted with the solution from LS-93 which contains only 20% of total
iron in oxidized form, (6.7 g Fe*/1). After some minutes of leaching, inspite of drastic diminishing of the oxidation potential,
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Tabk 3.1. Leaching-Findation processing of the LPU-ore sample
(325400 mesh ). Mass batance of (e éxperimenty In
sulfiate and chloride stlution according (o
Miwsheet in Figure 3.1,

Grams in Solids (Ag: milligrams)

Specifications D Weight
Na®) Grams Ce Fe Zn Pb Ag Ca
tst Total Inlet | 400 1.52 129 2652 1132 3708
Sicps Iniet to LS-03 2 200 0.76 645  13.26 566 1834
of After 1LS-93 o 1§95 3 180.29 033 56.1 479 fa. n.a
Leaching Afier LS-9$ 4 169.68 0.t12 56,1 0.5 508 1959
Ferric xd [niet 10 LS-34 N 200 Q.76 645 1326 s.66 1854
Sulfate  Sicpyof Afler LS-94 10 LS-96 6 194.84 1.58 603 1146 na na.
Solution  Leaching Afer LS96 7 177.76 0.322 498 421 515 2006
Leaching- Intet w LB-97 8 H7.44 0.449 106.3 489 1048 4058
Foiaton Non-Flolable fraction from LF-09 12 60.63 0.007 L07 0058 7.35 4137 13.60
Steps Mixed Fraction from LF-99 13 26.05 6.03t 822 033 042 313t
Flotable Fraction from LF-98 14 240.90 0.270 Bl06 326 217 3036 0.02
Chiorids Finat residuc aflor LC-102 15 4750 0.006 083 0035 0444 075 0.50
Solotions Final residue afler LC-103 16 225.82 0.126 1032 0.0588 1.03 423 35.80
*) dentification numbers of ihe flows according to the flowsheet (Figure 3.1),
Meals concentralions in LPU-are sample: Co - 0.36%, Fe - 32.25%, Zn - 6.63%, Pb - 2.83%, Ag - 92.7 ppm, Cs - 035%.
Table 3.2. Leachlug-Flotatian procesting of the LPU ore sample. Concentration and
volumes of solutione uwsed in experimevis according to fowshest In Figure 3.t.
Concentration, g/l (Ag: mg/l)
Specifications D Volume
No*) (Qi=x))) Cu Fe Zn Pb Ag Cx pH
Leaching solution inleing
1 15-93 17 1.60 0.5 kxK:] 8.2 - - - 0.63
Leaching sofution iateiing
In 0 LS-95 18 128 0.5 38 8.2 - - — 0.63
Leaching soiution infeiing
Sul(xte o 8-96 19 1.28 0.5 33.8 . - - - 0.63
Solutloow Sohton from 1.5-93 20 1.54 0.8 58 111 - - - 0.91
Leaching sotution (0 1.5.94 21 1.5 0.8 5.5 17.1 - - —_ 09
Solution from LS-94 po 1.57 - 372 17.5 - - - 0,89
Solution from LS-9$ 23 123 0.7 B9 13.5 - - - 0.77
Solution from LS-96 2 1.21 1.7 350 18.4 - - - 0.66
Solnticn inlering o LE-97 25 1.0 0.52 357 8.3 - ~ - 072
Solition from LF-97-992) 26 Qas) ©44) (M7 (64) - - - na.
Sotution inleting Lo LC-1023) 4 1.05 - - ~ 0.90 062 282 o
In Sclution from LC-102 28 0.99 0.004 0.06 0.017 696 3.68 30.1 na
Chlorido
Solutlons Sofution inleting @ LC-102 Py 1.14 -~ 30.8 0.003 ¢.001 - 32.6 e
Sotuvion from LC-103 30 123 0.068 32,8 1.47 1.036 130 3.8 a.a

*  Identi{icasion numbert of the (lows lo Figure 3.1,
DA - oot analyzad
1)  Vaolumet of wish walas xre pot included
7)  Lack of daix; volume xad concentratioas cytnated from e balance in tho solids (Tabls 3.1),

3) Recaltuaied from experimend carried om oo 37.35g NFY9 sample (o the seal weight of flow 12, is, 60.63g.
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Figure 3.2 Progress of zinc, copper, lead and silver extraction during experiments carried out according
to the flowsheet presented in Figure 3.1, Temperature 90-95°C.

both sulfides - PbS and Zn§, decomposed and H,S evolved. During this period of leaching, total copper was precipitated
from the solution in the form of CuS (Figure 3.2).

Such behavior of the reactive medias during these experiments is clear in light of basic bibliographical data, and indicates
the chemically-controlled rate of the zinc sulfide decomposition. A temporary precipitation of zinc from the solution observed
during the first 30 minutes of 1.S-95 leaching did not seem to have any importance during this kind of leaching.

Extraction of lead and silver from the non-flotable fraction by calcium chloride leaching, and from the flotable fraction
by femric chloride leaching, is fast and easy (Figure 3.4). However, both cases confirmed secondary precipitation of Jead
ang sijver that would probably also occur during prolonged leaching.

The general conclusions after supplementary research on the LPU ore leaching are as follows:

1.  Effective leaching with lower concentration ferric sulfate solution can be conducted with simultaneous ceoxidation
of ferrous ions to fermic ions.

2. Zinc extraction from LPU ore-sample using the above sotution is about 96% after 5 1o 8 hours of teaching. Short-
time (1 hour) leaching in chloride solution increases the o] zinc extraction to 99%.
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Table 3.3. Metals extraction during Leaching-Flotation processing of the LPU
ore sample (325-400 mesh) calculated from metals conlent in sollds,
according to the flowsheet in Figure 3.1

Extraclion %
Specification
Cu Fe Zn Pb Ag
Sulfaw After leaching 1LS-93 56.57 8.56 76.92 - -
i Afer leaching 1.5-94 6050 620 1387 - -

1t Step
Sulfats Cumulative after
Leaching 1.5-93 and LS-95 84,6 12.96 96.15 - -
20d Siep  Cumnlative afler

1.S-94 and L.5-96 70.46 16.01 81.56 - -
Sulfae Cumulative after
Leaching leaching L.S-93-LS-95
and Flotajon and [F-97-99 19.74 28.40 86.23 - -

From non-flolable (NF)

fraction afier CaCly
Chlorids leaching LC-102 143 224 39.6 98.04 96.32
Leaching  From flotable fraction (FF)

after FeCl3 leaching

LC-103 5816 -13.3%) 9724 8918 8743
Sulfate and  Total cummuladve extraction
Chlgrids  after chlodde leaching 913 19.14 99.54 89.96 85.25
Leaching

*) Precipitation from solulion expressed as excess to total initial concentration in solids.
**) Calculated as 1-(15¢16)/(1-13) where (1), (13), (15), and (16} are silver amount in fows 1,
13, 15. and 16

Table J.4. Leaching-Flolation processing of LPU (old) ore sample,
Metals pariition among flotation fractions and
sofution (in weight percent).

Percens
Weight Cu Fe 2n Pb Ag
Egrams
Sulfatc solution 18.12°%) 7974 2840 8625 - -
Naon-flowble fraction 15,15 0.46 0.83 0.22 7395 11.49
Mixed fraction 6.51 2.04 &.37 1.24 4.22 8.70
Flouble Fraction 60.22 17.76 64.39 12,29 21.83 79.81

*¥) Loss of sample weight ducing leaghing.

The degree of silver extraction from solid residues after “sulfate reatment” by leaching with chloride solution
is about 85%.

The degree of copper exgaction from the same residues in the same conditions is about 90%.

From the metals remaining in solid residues 90% of iron, 88% of zin¢, 88% of copper, 80% of silver and 70%
of gold are accumulated in the flotable fraction, while 74% of lead is collected in the non-flotable fraction.
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Figure 3.4. Behavior of silver leaching during

' the leaching tests LC-101 (CaCl2
soln.) and L.C-103 (FeCl, soln.).
Figure 3.3. Zinc behavior during the leaching Temp. 90-95°C, other conditions and
tests L.5-93 to LS-56. results: Table 3.1 and 3.2,

3.3 Sulfate Leaching Under Oxygen Pressure

Process description
The laboratory instatlation built from Corning glass elements and schematically shown in Figure 3.5 is a mini-copy
of the leaching section of the ore treatment plant suggested earlier (Chapter 2).

The scale of this mini-pilot installation ig 1:63,000 and the retention time of ore in the leaching reactor (R, ) is about
4 hours. Unfortunately, this glass-built installation while excellent for direct visual observation did not allow for
experimentation under pressure higher than 50 psi. The oxygen pressure, necessary for rapid ferrous ion reoxidation in
suifate solution with low cupric ion concentration is about 150 psi.

One conclusion was that the initial concept of the Leaching-Flotation process needs medification. The acceptable zinc
extraction (96%) requires several hours of leaching. Meanwhile, the continuous, simuitaneous, much faster flotation causes
100 early removal of non-reacted sulfides from the leaching solution. Of course the possibility of zinc extraction from the
ore particies suspended in the flotation froth is evident, especially under elevated oxygen pressure, but initial investigations
carsied out during fal}, 1986 were not sufficient for any quantimtive cornclusion.

In spite of these difficulties, the following operational modifications were carried out

- The oxygen supply w the 1st leaching reactor (R,) had o be stopped for a ime sufficient for nearly total zinc
extraction from the ore.

- Ore pulp had to be fed from the pulp preparation beaker (B) to the 1streactor (R,) while the solution is recirculated
upward through the reactor at a rate allowing for the ore particles suspended in the leaching solution to have the
retention lime necessary for zinc extraction. Such a process was named Fluidized-Bed Leaching (FBL).

- Solution from the st reactor had o be transporied to the second reactor (R,) while oxygen, dispersed by porous
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Figure 3.5.

Laboratory Corning-glass installation for the continuous leaching and flotation under elevated
pressure of oxygen:

R, and R, - Column reactors (dia. 4 inch, height 48 inch, max. pressure 50 psi)

R, - Pressure liquid/solid separator (150 psi)

S, and S, - Separators for sedimented fraction of suspension (50 psi)

B - Pulp preparation beaker

C - Pressure crystallizer (100 psi)

D, and D, - Fritted-glass discs for oxygen dispersion in reactors (60 psi)

F, and F, - Oxygen flow-meters (150 psi)

G-G, - Gauges (oxygen, 150 psi)

H,-H, - Heating tapes

H, - Immersion heater (in fused quartz tube)

M, and M, - Magnelic sturers

M-H - Hot plate with magnetic stirrer

P,-P, - Tubing pumps Masterflex with Norprene tube, adapted to pulp transportation under 50 psi pressure
P, - Piston metering pump for solution (150 psi)

T1-T, - Thermometers

1-13 and 22-24 - Teflon plug valves joint with teflon pipes (100 psi)

14-19 - Teflon needle valves for oxygen flows regulation (100 psi)

20 and 21 - 3-way valves for pulp or foam direction (50 psi)
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plass disc (D,) under elevated pressure, oxidized ferrous ions to ferric ions. The solution then went through the
crystallizer (C) and had to be directed to the bottom of the reactor (R,).

- When the zinc extraction is nearly completed, oxygen can be injected into the 1st reactor (R,) and the Leaching-
Flotation (LF) process is begun. During the 2-step LF process carried out in both reactors (R, and R,), the flotable
fraction from the 2nd reactor (R,) is collected in the separator (R,). The mixed fraction from the bottom part
of the second reactor is recycled through a separator S, to the Istreactor (R,). The non-flotable fraction sedimented
in the 1st reactor (R,) is recovered from the separsator (S,).

During the Fluidized-Bed Leaching process a segregation of solid particles as a function of their specific gravity takes
place. The “heavy” fraction is suspended in the fluidized-bed in the 1st reactor. It contains the particles of sulfides, lead
sulfate and other minerals with a specific gravity higher than 3.5. The “light” fraction, containing particles of gangue minerals
and gypsum having a specific gravity lower than 3, is accumulated in the separator (S,) and the crystallizer (C). In the
crystallizer, additdonal crystallization of gypsum is going on from the solution.

A simplified flowsheet of the sulfate process carried oat in the installation is shown in Figure 3.6.

The fluidized-bed sulfate leaching condocted under oxygen pressure does not necessarily have 1o be ended by the
leaching-flotation process, It can be continued by chloride leaching, also carried out in the fluidized-bed system, but under
atpospheric pregsure. Such an exchange of the leaching agent can be done immediately by a simple introduction of the
new chloride solution to the 13t reactor (for example, through the sampling tube, valve 12, pump P4 and valve 5) or with
intermediate washing by water to diminigh the zinc sulfate transfer to chiodde solution. During these operations suifate”
solution is collected in the separator (R,). Because of very fast lead and silver leaching, a single pass of the chloride solution
through the 1st reactor is sufficient to complete extraction of these metals, This solution was recovered during experimen-
tation from the sampling tube and valve 24.

Fifteen different experiments were carried out to find the best reatment method.
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Figure 3.6. General flowsheets of experiments carried out in pressure installation presented in Figure 3.5.
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A schematic flowsheet is presented in Figure 3.7. Generally, the left branch of the flowsheet, beginniag with flow
#2, joins the fluidized-bed leaching with the leaching-flotation processes. The right branch, beginning with flow #37, is
composed of the fluidized-bed leaching process without flotation. Both groups of processes started from direct leaching-
flotation steps (LF 203-208 left side, and LF 221 right side) 10 withdraw the non-flotable fractions from the multistage
processing. The non-flotable fractions were further leached together in a calcium chloride solution in the fluidized-bed system
(FBL 225).

The flows of the flotable oc “heavy” fractions are shown in Figure 3.7 by coarse lines and the non-flotable, “mixed”
or “light” fractions by fine lines. The following symbols are used for the tests idencdificadon:

oRE,
Sampte LP

O
L® LD
LF, 200~308 F - 121
fo ) Ar@
gfourmo-n]‘gf e
@ - 222
J @ 3 V@
18 o -
.0 oL ~ 228
3 ® L@
rouy - 208 |
® O bo
B

Figure 3.7. Flowsheet of experiments on Fluidized-Bed Leaching and Flotation in sulfate solution jn the
laboratory installation (Figure 3.5), Circled numbers of flows correspond to the identification
numbers in Table 3.6.
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LF Direct ore leaching-flotation process

FBL  Fluidized-bed leaching

FBL/F Finidized-bed leaching followed by flotation

[F-M  Supplementary leaching-flotation of the “mixed” fractions carried out in a separate non-pressiure installation

LC Supplementary ferric chloride leaching of final residues after treatment in the continuous installation, carried
out in a typical laboratory glass-reactor under atrnospheric pressure.

Geperal experimental conditions of the continuous tests are presented in Table 3.5. The runs of experiments performed
on the ore-sample-flow #2, and on the flotable fractions of the left branch of flowsheet (Figure 3.7) are shown in Figures
3.8and 3.9. The feeding time was different and was a function of the quantity of sample and the testing conditions, However,
the rate of solution transportation, using the pump P, was relatively stable. It was varied from 80 ml to 160 mi per minute.
The rate of transportation was adjusted to stabilize the fluidized-bed of solid particles suspended inside the reactor for different
liqnid/solid ratios. The average rate was about 114 ml/min. The liquid/solid ratio varied from 2.38 I/kg to 1.18 kg with
an average valus of 1.65 1/kg.

During the first experiment LF 203-208, the total sample (2,500 g) was supplied to the reactor as pulp in 5 equal portions.
Each portion of pulp was introduced with sulfuric acid (F,SO,) (marked by arrows in the graph in Figure 3.8,a). H,SO,
was added to stop observed iron precipitation from the leaching solution. During the entire time of the experiment, the
2-step leaching flotation, including recycling of mixed fractions from the 2nd and 13t reactor, was carried out. Technical

Table 3.5, Run of the contingous tests in pressure instaltgtion.

Weight of feeding Time of feeding Retention ime Flotation time Remarks
solid!) g) (min) FBL time (mia) FL lire (min)

{F 202.208 2,500.0 102 ~259) 124 See Figure 3.8a)

FBLF 209 ndd ~1004 105 1$ ~85°C 30 psi

LF-M nd® nd - 60 95°C, LF in saother
TION PIESSILIT AEACLDE

FBLJF 210-211 907.1 66 30 13 Sec Figure 3.8b)

FBL/F 212 700.0 212 98 12 80-100°C; 20 psi

FBL/F 213 nd 269 - ~ 90°C, 30 pst, L-F step in another

’ DON PIESUNS YEACIOr

FBL/F 214 800.0 15 86 - See Figure 3.8¢)

FBL/F 224 ),102.%8 146 70 15 Ses Figure 3.9

FBL 227 8153 506 907 - Single passing of CaCly teach solution
through fluidized bed (see Figure 3.9)

FBI 228 543.6 206 607 - 50°C, atm. pressure, single passing
of CaCly jeach sotuton

FBL 221 1.050 45 40 10 75-809, 20-36 psi

FBL 222 8024 ~N & . - 80-8S°, 18-24 pai

FBL/F-223 536.1 15 60 - 90-959, -10 pxl

FBL 226 513.5 - S0 - 80- 1079, 5-10 psi CaCly

FBL 229 583.7 4« 10 - 92-95°, 18-24 psi

FBL 223 398.5 309 &7 - 90°C, aumn. prossare; single passing
of CaCly leach solution

1)  Thisreal weight of solid can be different from mass of the same flows indicaced (n Table 3.6. Values m Table 3.6 arc recalcutated from real values to the comee(

theoretical mass balsnce.

2)  Thisisan gverags time from 5 (eeding operailoas during L-F processing.

3)  Notdeemmined and not analyzed: weight of producs from FBL/F209 in Table 3.6 i9 deermined.

4)  Not precisc becmige some Inierrupiion during feeding.

5)  Experiment stopped afier fecding because of tchnics! problems. LF-step in another noa-pressure reactor.

6)  Comresponds o e Lime of washing with waler.

7 Corresponds o the wime of chionide leaching.
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problems in transporting pulp to the reactor caused a one~day interruption of processing just after feeding the 1st beaker
of ore.

Temperature and pressure were controlled during experiments in the points indicated in Figure 3.5, Concentration of
ferrous ions, and totad iron were analyzed from the samples of solutions. The mass balance in the experiments is presented
in Table 3.6. It is based on the analyses of metals in solid samples. Analyses of solutions could not be applied to these
calculations because of imprecise measurement of their total volumes. The degrees of metals extraction from LP ore-sample
during fluidized-bed leaching and flotation in sulfate and chloride solution at the different stages of the ore treatment are
shown in Table 3.7. They are calculated from the mass balance in Table 3.6.

Because of relatively Jow extraction of zinc (84.4%) from ore in suifate solution, and lead (91.9%) in calcium chloride

solution, additional leaching of solid residues with ferric chloride solution were carried out after FBL and FL processing.
The following solid samples were submitted to this leaching:

o LY 0

FRL/F 290 =214 FBL 212
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Figure 3.8. Characteristics of the continuous fluidized-bed sulfate leaching tests described as LF 203-209, FBL/
F-210, 211 and FBL-214 (Figure 3.7 and Table 3.6). Description in the text.
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Total residue after FBL 225
Total residue after FBL. 227
Heavy fraction after FBL 228
Light fraction after FBL 228
Heavy fraction after FBL 229
Light fraction after FBL 229

About 30 g samples of these residues were leached with 0.7 1 of chloride solution containing:

Fe* from 21 to 22 g/ as FeCl,
Ca? from 16 to 22 g/l as CaCl,
Mg?* from 14 1018 g/1 as MgCl,

and 100 mt of 36% HCI per liter. The solution used for leaching samples FBL 228 also contained 6.4 g/l Zn as ZnCl,

and 3.3 g/t Pb as PbCL,,

Each leaching was carried out at a temperature of 90-95° C for 4 hours in a glass reactor with stirrer. Results of
these supplementary leachings are presented in Tables 3.6 and 3.7.

The behavior of silver, lead and antimony during sulfate treamment, and especially the possibility of their earlier
extraction from solid products are important. The silver content in solid residues drops from one step of sulfate treament
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Table 3.6. Fluidized-bed leaching and flotation. Mass balance of the experiments in suifate and chioride
solution according to the flowsheet in Figure 3.7. Sample LP, fraction 400 mesh x 20pm,™)

Sampta Cameen in Solida, pms (Ag, Aw M)
Specifications D Weight
No™ (grms) Cu Fo F/ Pb Ap sb A Au Ca §
Totl ore sample \ 3450 100 (0906 214 1250 MRS 224 W36 74S
748 Qre e by LF-203-208 2 2.500 705 8. 1100 880 NN 1580 4320 328
{ a Robdle Praovos (FF) from
‘. a8 3 0714 na. [ S ¥ aa ni  3A na,
k-9 Mixed Fracoog () from 203208 4 LY R ¥ § oA na 0a an  na [
g oo Focsble Fracion (NF) frim
200-269 3 ad 05 [ WA T [Ty 8. AL an
FF from FRUF 209 [} 483 1147 IB2 1887 136 &A1 13 60t 09
M oz FBLF HD b 92 00 199 13 BT7 90 0047 0S8 0077
NF from POLF 29 [ 1928 0068 143 (15 3731 1307 a0 0.M 07
xoloded rom proceleg 9 WL 003 044 039 L7 0004 O
FF e POF 210-231 30 M37 419 399 B0 1D 9 6w 1021 1.305
M from FOL/2 210-21\; cachydord
from proowaing n $HO  o0m3 113 082 IE 405 QOOS RO
FF from LE.M 1 2609 05T 1046 A9 436 3
INY bow FOLF 213211
§ ad LFM 3 1237 008 L6 009 238 183 0OM 0D
< Sample caciind from processiog 14 QA o1 A 187 s 339 00 043
ﬁ ] Lnbet 10 PALR 224 13 M3 LBS )M B 184 917
< ‘i 1 FF Gom FBL/F-214 16 £849 132 2474 (502 1033 TS0 0315 &
™ rom FOLP-2M 44 my [V 9 LA B, L ¥ 9 BA TR, na
§ :E ﬁ NF fros FBLF-24 b1} 407 (S [V TR BL nA,  Da aa
24 feket 10 FILAWLI2 19 P2 6 WA B lese IS
Q g i PP from VRUR212 ) Wsd D22 mO 24 268 1988 0O 1M
paruna frore
FRL/P 212 o FRLR 28 2) ad [ ¥R [ VI TS L% aa,  BA [N
P from FLA-143 n 438.1 0486 1839 150 2 4610 OIM 8)
M from FBL/FP 213 and
mUr214 2 el 018 616 244 1 99 W 182 .
INP Gown FHEJF 213 aad
FBL/PR 14 % we 0o 153 W7 1M 46 0041 0
3 2679 D4 68448 TI6 1541 14330 O0s@ (481
24 o7 s [y N na AL o4 n,
byj 2343 051 M4 bR W2 U9y a3 L§d
n 3999 1066 1250 A& 744 SIsM QIR 168
2 £63 QTS I8 61f 0A9 1148 Q26 46 M
g8 3 5721 043 22635 081 033 1746
_g i g 2 ) 803 Q0% 282 045 04 13 002 04
g 8 g 788 0MS B @ em 12
g 3 5 i1 354 ogal 006 0008 1440 004 EAY
gﬂﬁg M 6215 Lz B 06 1S53 AP a1 T8 15D 1000
» w487 0578 1883 LN 037 2068
4 . - -
- Ore dnkx w LR221 W 10800 1961 3228 N40 N0 9. 0864 1046 2mS
g .; FF e LF-21 n 078 (268 1503 %80 12 4430 0 Se
E M from LF-21 » 5.8 0518 @5 a7 957 W19 G 247
4 NE frose LF-121 @o 43 60R  2) 1M 400 420 0101 00
- INF orows 209 and 20224 4 <837 0400 NLY &7 49 948 0271 249
§ g: §  Toul trors PEL2S £ 349 04M 1040 632 543 184 O aa QM 2
é 3 & Toml ser PRL.22S, fom
g2 w3l Q MEA 0207 %Y 026 0 641
H-trscuoo froce FBL 22 4 3.8 0953  W4E.6 12N 100 3038 Da2s s42 oot
Mo (M) fracsion Bom
B FRLAZY [ 104.0 0123 BY 144 AR Ny 01y7
‘ i Cryssaly Aom cpoling gynem
FBL22 &% 752 0428 W4 130 2N 849 0o 0N
| i § H-tracomn iroan FBL.2X3 41 99 0968 1654 1128 06 831 0387 sm L0
é 3 M-ractom from FAL-22 @ 48 007 (LY 0 206 4NA ODI?7 042 0133
! Cryztuls from cooling system
Irwa PRL- 723 I L% 0.006 2 008 033 S$e 0012
88 R-feaciina fom FRL.226 ® $06.3 035% 1507 90 076 &1 0B M3
S M-{eaction fron FBL-226 5 471 [E% IR CY IRV S I 4
ﬁ a I crymals Oom FEL-23 &£ 26 37 423 00004 043 0003 029 O GDOZ - 190
H-fraction from FBLAZ9 3 4603 10N WBS 1023 227 WA 0o 152 ez 2238
a s Fréncndn aier FEL.22Y
b - Trom LC-134 (3 2031 0232 969 0ds 027 1137
d g'-’; @ Lot from FBL-229 I @3 oM ;1 490 055 1460 0413 QA QR
go9% s waiBlzy
from LC 37 54 09 003 117 Qo 004 143
Crysealy focsh FBL-Z29 57 LY - ne - 007 045 - -
LF: F
FRL:  Masdized Bed Loschies
FBLR  Fhuidiznt Bod Loaching s6d Flowio
LC: Chlonde Lescinmg
nd!  fo) deeemmed
nA; -}

smlyzd
= Megly coacenion I e LP are sample: Co - 0202%. Fe - 30.94%. Zn - 6.90%, Pb - )32%. A - £2.09 ppro. S - 600 porm,
A3+ 097%, Au - 2.1 ppm, Ca - D.146%
> ldemificanon Bow-aumbery mcording w the Nowabect » Figare 1.3,
[rtimd concesiryiions of te sylatione
w S sondugn: Zn 21438 R/ Cu 12 A, For 38281 i, HySO4 38 wa
& Calcinm chiarxde sduiare CaCly 00 g/, HC1 ).2% wi
@ Feone chionds skshont Fe3* 20-322 pA, G3CI3 47 gA, MECh 68 pA, HOT 2% we
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Table 3.7. Metals extraction during fluidized-bed leaching and flotation In sulfate and chloride solutions;
cajculated from metals content in solids (see Table 3.6 and Figure 3.7).

mmtkamvay T YT T T e T U N L T T L T DT N e T )

Specificadons Processing Exusction (%)
Time (min) Cu Fe Zn Pb Ag $b As Au
|Extraction after sicps 203-211
; and LF-M av 30 41.37 nd. 64.69 - 443 6.1 -
8 __ |Cummulative oxtraction from
oo 203214 av 135 1) 59.028  nd. 8.59
2 2 |Exracdon sfler 203-214, 224
g @, 277 a0d 228 443 66.68 nd, 8442 9097 5607 nd. n.d. -
& Total exrattion from flow (2)
(afier LC-127,128 sad 138) 503 3) 84.14  nd 93.65 95399 7L.01% nd. a.d.
Extracnona after LP 221 359.01 2669 4478 ~- . 4172 19,49
. © |Extraction after FBL 222 20b 58.93 3690 77.61 - - -
- Y o
~ Exgaction afier stepr 221-223
59 296 sad 229 4309 64.312) 43612 g411 9362  5894!0ny n.d. -
S5 2 o) exgaction trom Now (37)
(after LC-136 oad 137) 490 9) 62.9 a5 9927 9768  60.12!1na, n.d. -
Total extraction from flow (1)
32| adter “wash-leaching” in FRL
2 2| 225 and FBL 227-229 with
2 7| CaCly soloticm av 436 6) 64.28 37.15 844 9194 5897 7246 nd -
z é 59.058) ns® nd
3 . [Total exmaction from flaw (1)
& § after final FeCl3 leaching
(LC-127, 128, 135-138) av 506 7 83.9 4065 9888 9906 T944 nd. nd. -

av; avenge: nd.: pot delamined

8)

Time of processing in suifate soludon

353 min in suifess solydon and 90 min in CaCly solution

As above with additional 60 min in FeCl3 solution

370 nin in suifste solaton and 60 min in CaClz solution

As abyve with saditional 60 min In FeCly sofution

Average from 2) and 4)

Avcaage from 3), 5). and simaltaneous leaching of NF fractions in: CaCly solulion
(FBL,-225) - 60 min, ¢nd in FeCly soluion (LC-133) ~-60 min

Calculated from mietals balance in solutions

As yidid from flow (25)

10) As yield in FBL 226 from flows (47) (o (49)
11) Eximcyon (rom (ow (37) after FBL 226 excluding silver in Nlow (40)
12) Esuacuon {rom flow (37) after FHL 223,

to another. One probable reason of such a silver behavior is its slow dissolution in the suifare solution as silver sulfate
(Ag,S0).

For this reasop, the leachability of silver, lead and antimony by a non-oxidative calcium chloride solution was

investigated in ten samples taken from different solid residues from the left branch of the flowsheet. The leaching tests
were carried out on 20-30 g of samples in 0.7 1 of solution containing 52 to 66 g Ca/l and 10 ml of HCl (36%) during 4
hours at 90-95°C in a standard laboratory installation. The results are presented in Table 3.8. The kinetics of leaching for
more typical samples is shown in Figures 3.10 and 3.11. General conclusions after sulfate teaching are:

1.

Sulfate leaching in fluidized-bed coupled with flotation or not, allows for relatively selective zinc exmraction from

complex sulfide ores. Simultaneous extraction of copper depends on its concentration and its sulfidic form in

the ore,



Table 3.8. Results of control chloride Jeaching of lead, silver and antimony

(see text for experimental conditions)
) Extraction %

No. of 1.D. No. from sample?)
Test Solid Sample of flow?) Pb Ag Sb
LC-113  NF fraction from FBL/L 209 8 >99.9 92.5 >99
LC-114 M fracton from FBL/L 209 7 85 62 >80
LC-115  NF from FBL/F 210-211 11 93.5 87 n.d.
LC-116  FF fraction from LF-M 12 99 703 n.d.
LC-117  FF from FBL/F 210-211 10 97.8 75.1 n.d
LC-118  FF from FBL/F 212 20 >99.9 74 62-68
1C-119  FF from FBL/F 213 22 >99.9 70 5293
LC-120  Heavy fraction from FBL 214 16 >99.9 78 48
LC-121 M from FBL/F 213 and FBL 214 23 98._ 72 85-92
LC-122  NF from FBL/F 213 and

light fraction from FBL 214 24 96.8 75.7 n.d
1C-123 M from LF-M and

FBLJF 210-211 13 9 97.9 nd

NF - non-flotable fraction

M- mixed fracdon

FF - flotable fraction

a.d. notdetermined ,

1)  Numbers of flows from Figure 3.7

2 Yield in the carried ont test (oot cumutative extraction degree)

1
/
dov Ag lrom M- bt

Eatcacilan I%l

]
20 LC 113106 8
LC 134  @as d

Tima (nl

Figure 3.10. Leachability of lead, silver and antimony from nonflotable (LL.C-113) and mixed (1.C-114) fractions
after FBL/F-209 in calcium chioride solution. For other conditions see text.
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Figure 3.11. Leachability of Jead, silver and antimony from different fractions after FBL 212 to 214 in calcjum
chloride solution:
a) from wmixed fractions after FBL 213 and 214 (LC-121)
b) from flotable fraction after FBL 212 (LC-120)
¢) from flotable fraction after FBL 213 (LC-119)
d) from flotable fraction after FBL 214 (L.C-120)

2.  Slowreoxidation of ferrous jons under oxygen pressure of 20-30 psi and low temperature (80-85* C) caused poor
zinc extraction, After 7 hours of treatment only 84% of the zinc was extracted. This degres of extraction was
lower than in previous classical experiments described in Chapter 2 and in Section 3.2. After an additdonal hoor
of ferrie chiloride leaching the cumulative zinc extraction augmented t0 an acceptable level of 94-99%. The classical
experiments were performed on the LPU sample without iron reoxidation by oxygen., The amount of ferric iong
was high enough to protect good kinetics of leaching because there were high liquid/solid (L/S) ratios from 8
to 11 Lkg. (The exception was one 3-step experiment where L/S was about 3.6 1/kg but final ferric jons
concentration was high enough: 40.7 g/l in st step, 77 in 2nd and 126 g/l in 3rd.) During FBL processing the
liquid/solid ratio was from 1,18 to 2.38 Vkg and final ferric ion concentration was often only 7 to 9 g Fe¥/l. Leaching
with low L/S ramo is imporntant because of diminished reactor volume and higher zinc concentration in solution.
However, the rate of leaching in these conditions must be protected by higher oxygen pressure (from 100 to 150
psi) and higher temperature from 90 to 95°C.

3. Lead extraction o the calcium chloride sotution during the non-oxidative, fluidized-bed leaching that follows
sulfate-FBL processing, achieves 92%. Lead extraction increase to 99% after one hour of oxidative leaching in
ferric chloride solution (Table 3.7). Non-oxidative chloride leaching easily shifts into oxidative leaching by
increasing the ferric chloride concentration in the leaching solution,

4, Simultaneous with lead, silver extraction achieves §9% in the non-oxidauve conditions and 79.4% in oxidative
conditons (Table 3.7).
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S. About 96% of total lead and 71% of total silver comained in LP ore-samples are transformed into soluble
compounds to the chloride-non-oxidative solution, during the initial stage of sulfate reatment (Tabls 3.8). The
extraction of lead, silver and in some cases, antimony from different samples is schematically shown in Figure
3.12. Itis evident that not more than about 30% of the total silver is dispersed in the non-soluble pyritic mairix,

ORE,
Sampla LP

10 LF - R21

| 752}
Laeraceion:
Fo-$7,76%
Ag-78,081

w s )22
Exeracilion:
Po-96.74%
Mg=T3,61%

\‘

1
[ 4N caceion

\l— 93,39, Ag - ﬂ\'n‘) @

Figure 3.12. Leachability of lead, silver and antimony from solid semi-products at different steps of treatment of
the flow (2) (left brawsch of the flowsheet in Figure 3.9).
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3.4 Fluidized-Bed Leaching in Chloride Solutions

Oxidation of ferrous jons in chloride solution is considerably faster under 40-50 psi of oxygen pressure than in sulfate
solution and oxidation of cuprous ions in chloride solution is even faster under atmospheric pressure. For thisreason leaching
by FeCl, and CuCl, solution was chosen as the best attainable at MIRL. Such a demonstration of the Fluidized-Bed Leaching
features conmibutes the 1st “chloride™ sub-program conducted in MIRL and another Nexrco’s engagemeant in hydrometal-
lurgical chloride technologies,

The tests were carried out according 1o a flowsheet presented in Figure 3.13 in the mini-pilot laboratory installation
shown in Figure 3.5. When the ore suspension was introduced to the st reactor (R,), the leaching solution circulated from
the reactor (R,) to the oxidation reactor (R,); through valve 20 to the crystallizer (C)); then through the pump (P,) to the
bottom part of the reactor (R,). The particles with specific gravity above 4.5, generally the pyrite fraction of the ore, were
retained in the fluidized-bed . Particles with specific gravity below 4, and all very fine particles were ransported with the
solution to the second reactor (R,), where the heavier fraction with specific gravity 34 (FeOOH, jarosite, gangue minerals)
sedimented in the separator (S,), and lighter fraction particles below 3 (gypsum, quariz) sedimented in the crystallizer (C).

It was expected that some part of the lead would crystallize in the form of lead chloride and sediment in the crystallizer
also. The continuous reoxidation of the used leaching reagent was cammed out by oxygen dispersed under pressure in the

ORE
8ampie LF

Sajation
Pulp Preparset
A,,S5
Oxidatton
AL [y
v od Bed » Sedimeantation LT
Laaching Solution Lesohing 1 { 92 |godimantation
(reL) FiYtration Residue
Residue
Fina} Laach
A ' ¢ Solutlon
1 Cryetail. &
cxcly Ce0ly Fluldized Sadimentatior]
Solutton Bed Leaching I
————
c . Cryntaim  Leach Chioride
GrysiaRiza~ Cryetale Sokution
ton
[~
Ry
Sedimanta~
Fluldized tlon
Watar Bed
_—— Washing
Residue Wesh Watar
X

Sold Revidua

Figure 3.13, General flowsheet of experiments carried out in chloride solutions in the pressure installation
presented in Figure 3.5.
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second reactor (R,). When leaching was finished the calcium chloride solution had been fed continuously to the 1st reactor,
through the valve (12) and the pump (P,) in a volume necessary to dissolve insoluble-in-water metals compounds. At the
same Lime the spent solution previousty filting the 1st and 2nd reactors was directed to the collector (R,) and then outside
the instatlation. The spent CaCl, wash solution was transported, bypassing the 2nd reactor, directly to the crystatlizer and
then outside the installation.

Floidized-bed calctum chioride (CaCL) washing was conducted under atmospheric pressure but at elevated temperatures
(80-90°), and some solution components had crystallized after cooling in the crystallizer. Of course, the spent wash solution
could be mixed with the spent leaching solution, but this was not done during the tests.

The final fluidized-bed washing with pure water was conducted in the same manner ag the first CaCl, washing. A
schematic flowsheet of the two experiments is presented in Figure 3.14. Two steps of leaching were carried out with the
same solution. The leftbranch of the flowsheet, beginning from the flow #2 corresponds to the 2-step cupric chloride leaching,
the right branch, beginning from the flow #10 corresponds to the 2-step ferric chloride leaching. Two LP ore-samples, 700
g each of the fraction 400 mesh x 20 um, were leached according to the above procedure (Figures 3.13 and 3.14). The
tests were carried out in the following steady state conditions:

ORE,
8amplea LP
cuCl,
Ixad rysjalifza
Sokstion FL%‘:;. {lon
Leuching Fect,

Flidized | ) N

R e > Pl i
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W18 b
18t
Reactor !
(G218
L i 161
Renctor T RAgactor

&ﬁ{r‘j‘—u’:‘ dime Fluldized /@ _ :-@
Bed
® Lenohing

e
&ﬂ:@._, e
Bed
Le-y ® Leaching
[ l‘l.ol or

slor

®

@ \ 4 1LC-219
] Reactar l nu:nor ’
"’® Other Ryaltduaas @
Heactor
8
v
@ t@
\

®= 3@

Figure 3.14. Flowsheet of experiments on the Fluidized-Bed Leaching in cupric and ferric chloride solutions in
the laboratory Installation (Figure 3.5). Circled numbers of flows correspond to the identification
numbers in the Tables 3.9 and 3.10.

68



Temperature:90-95°C in the 1st, FBL-reactor, and
75-90°C in the 2nd, oxidation-reactor

Pressure: 16 psi during CuCl, leaching test, and
17-20 psi during FeCl, leaching test

Time of heating the ore pulp 10 90°C in the beaker (pulp preparation in B, Figure 3.13): 30-40 min
Time of pulp feeding to the 1st reactor:

CuCl, leaching: 1 step (LC-215) 40 minutes
2 step (LC-217) 34 minutes

FeCl, leaching: 1 step (LC-216) 20 minutes
2 step (L.C-219) 25 minutes

Time of ore retention in the fluidized-bed state (after feeding):

CuCl, leaching: 1 step 83 minutes
2 step 116 minutes

FeCl, leaching: 1 step 100 minutes
2 step 117 minutes

Rate of ransportaton of the circulating solution during leaching period:

CuCl, leaching: 1st step: 100-150 ml/minutes
2nd step: 100-175 ml/minutes

FeCl, leaching: 1st step: 120-160 ml/minutes
2nd step: 85-125 ml/minutes

Initial composition of the leaching solution:

CuCl, leaching: Cu 3548 g/1
Fe 9.96 g/l
Ca 63.7 g1

FeCl, leaching: Cu 8 mg/l
Fe 27,28 g/
Ca 763 g/

Calcium chloride washing solution composition:

CuCl, leaching: Ca 464 gA
Fe 453 g1
Pb 1.86 gA
Cu 126 g/l
Zn 032 g1
Ag 2.15 ppm
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FeCl, Jeaching: Ca 14.27 gA
Fe 0.02 g1
Pb 2.8% g/
Cu —
Zn 0.06 g/
Ag 7.18 ppm

Hydrochloric acid (36% HCl) added w0 the leaching soluton:

CuCl, leaching: 1st step: 150 ml
2nd step: 70 mi

FeCl, leaching: 1st step: 150 ml
2nd step: 100 mi

Liquid/solid ratio in the 1st reactor:

CuCl, leaching: 1st step: 1.75 Ikg
2nd step: 2.08 kg

FeCl, leaching: 1st step: 2.00 1kg
2nd step: 2.70 kg

Other conditions and data are presented in Tables 3.9 and 3.10 - the mass balances of metals in solid and in solution.

Results of the leaching tests are presented in Table 3.11.

Table 3.9. Fluidized-bed leaching. Mass balance of metals content in solids during cupric- and ferric-chioride
leaching according to the flowsheet in Figure 3,13,

Specifications 1D Content ln Sofids, grams (Ag. Au: mg)
No*) weight Cu Fe 7n P Ag ) As Ay Ca
Total Inles 1 1.400 3948 4304 952 4928 12192 0882 1355 2814 02
_| miot 1 LC-215 2 700 1574 2152 416 2464 6056 0441 678 1407 0.1
& Cryswsls from cooling syswm 3 68.1 0.021 4.85 029 0.01 0.48 0.005 013 na 142
% 9| Ouilot from LC-215 4 6803 1425 2713 1703 045 2456 048 838 na 10.3
84| | inter 0 Lc217 s §129 1416 2704  17.0§ 045 249 0.8 829 na 10.6
; =| After Leaching - 1st reacior 6 285.3 0213 1177 1.07 0183 4.8 0035 2.57 0544  0.01
3 § Afier Leaching - 2od reactor 7 1718 0.171 513 0.84 0097 392  0.03 145 0390 140
Crystals from Cooling Sysem 8 18.7 0.098 39 0002 -- 024 -- 0.06 0.012 1.9
Outot From 217 9 4571 0384 1750 191 0.28 881 0.0% 4. 093 14
|| Inter 10 LC-216 10 700 1994 252 416 2464 6056 044l 678 1407 0.
] § Crysials from cooling syssem 11 47.1 0.007 1.02 0.02 0.061 0.21 0.004 004 na 3.7%
é 0 [<| Outles from LC-216 12 524.2 137 2438 12.89 0635 3509 0313 643 na fa.
" j Inlet 1o LC-219 13 5215 1320 2236 128 0632 3491 03U 640 an na.
& o After Leaching - 1st reactor 14 358.1 0495 1329 2.15 037 2t 0166 482 na 0.02
&l Afier Leaching - 20d reacior 15 49.9 0.074 169 0.14 0.04 191 0018 058 na 0.003
Cryswls from cooling system 16 4705 0070 16.1 0.08 0.0§ 176 0015 0.44 na 0.05
Oules from LC-219 17 408.0 0.969  149.8 2.29 041 2300 0184 540 nz 0.2
Solld residues from rescrors
cleaning afier LC-217 and 219 18 194.6 0228 6978 0.85 0.49 531 0047 .89 az 0.95
Toul in sotiy residues after
leaching LC-217 and LC-219 19 885.0 1353 48 4,20 069 2307 0278 9.42 143

* [dentification aumbers comespond 1o the Now members in Figure 3.14,
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Table 3.)0. Fluidized-bed leaching. Mass bakance of metals confent in solutiont during cupric- and fervic-chloride
leaching according 1o the flowsheet n Figure 3.13.

Specificalions D Volume Conienl in Solution, grams (Ag, Aw mg)
No*) (liters) Cu Fe 2 Pb Ag ) As Au Ca
Cupric | Tnlet 0 LC-215 20 8.38 147.67 5970 632 1235 2744 0.145 na - 4518
Ch‘:p'?;c Ovtet (rom LC-215 2 1070°)  149.35 S604 4456 3559 1214 0564 na. - 6174
wg’:. Inlet o LC-27 2 5.59 133.12 4901 3135 2400 5695 0488  na - 5132
M& | Quilca from LC-217 2 648" 11706 4761 4120 2126 6319 0482 134 - 235.8
Femic | let 1o LC-216 24 8.74 0038 1229 026 1232 3089  0.16 na. - 4038
Chloride | Qutlet from LC-216 25 9.02°%) 1991 1225 3139 3060  5.S8 0.389 0.57 - 6133
Leaching | Mlet 0 LC-219 26 4,50 1500 1168 2698 1740 2638  0.165 na - na.
% | Outtet 10 LC-219 27 7.06"™ 2228 1144 3595 1765 3405  0.255 1.17 - na
4  Identification numbers correspond 1o the flow numbers in Figore 3.14.
** Including wash-waless,
Table 3.11. Metals extraction during fluidized bed Jeaching in chloride sotutions, calculated from metals
contznt in solids (see Table 3.9 and Figure 3.13).
Specifications Leaching Excraction, %
Time (min) Cu Fe Zn Ph Ag Sb As

: Conditioned st 60°C1) 15 -13.7) 18 2.6 40,2 30.7 1.8 na.

CuCly | Conditioned 2t 95°C%) Ky} 242 21 (1.3 73.0 40.3 25.9 n.a.

Leaching | After LC-2159 123 2.8 22610 642 98.2 59.0 59.2 n.a.

After LC2179) 273 76.9 1.7 95.5 97.6 82.8 752 28.2

FeCly Alter LC-2168) 120 12.8 -450 1209 97.4 42.4 26.8 s.1

Leaching | Afier LC-2197) 262 46.7 16.5 947 98.1 59.4 $4.7 7.6

J2vs8Be

Extraction of metals after 4 1/2 hours leaching in both cases attains 94% for zinc and 98% for lead. Extractions of
copper and silver are higher in the capric than in the ferric chloride solution. Copper extraction attains 76.9% and 46.7%
in CuCl, and FeCl, solntion, respectively; and silver extraction 82.8% and 59.4%, respectively, in the same solutions. The
better extraction in the cupric chloride solution probably results from the following advantages of copper over iron in chloride

solution:

- higher oxidative potental Cu*/Cu* than Fe* /Fel;
- faster reoxidation of cuprous than ferrous ions by oxygen;

- catalytic properties of cupric ion;

- more favorable mechanisms of secondary chemical reactions of copper in solution.

Moreover, in our case, the oxidative capacity of the cupric chloride solution was higher than the ferric chloride solution
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During 1st beaker feeding 10 the st reactor (LLC-215); 350 g of solid (LP) in 700 m) of the solution; flow (20).
Precipitation from solution. Expressed as ¢xcess in solid residue afier leaching (-13.7 means 13.7% of copper in solid after leaching).
During 2nd beaker feeding 10 the 13t reactor (L.C-215); 350 g of solid (LP) in 700 ml of the solution; flow (20).
Temp: Vst reaclor 85.--> 96°C: 2nd reactor 78 --> 83°C; average Oy pressure: 16 psi; solid/liquid ratio (S/L) in 1st reactor: 0.57 kg/L.
Temp: 1st reacior 95°C; 2nd reactor 80°C; Oy prossure: 1622 psi; S/L (151 reactor): 0.48 kg/L.
Temp: 13t reactor 95°C; 2nd reactor 75°C: average O3 pressure 20 psi: S/ (1s¢ reactor): 0.50 kg/L.
Temp: 11 reactor 92°C: 2nd reactor 90°C; average O pressure 17 psi; S/L (18¢ ecacior): 0.37 kg/L.



because of higher concentration of oxidant in the cupric solution. The results of the fluidized-bed chlonde leaching generally
confirm the advantages of this system.

Probably the most important advantage of the fluidized-bed chloride leaching is the possibility of producing a high
concentration zinc chloride solution with minimal concentration of oxidant CuCL or FeCl,, that would be reoxidized
continuously under elevated oxygen pressurc.

For this reason, the tests were camried out on metals extraction from LP ore by a chioride sojution in which a low
concentration of oxidant and a high zinc concentration were used. The conditions of the leaching tests and some results
are presented in Table 3.12. A kinetic characteristic of the leaching test L.C-123 is shown in Figure 3.15. Excellent resuits,
unexpected by the authars, were obtained. 97% of the zinc extraction after two hours of leaching should be confirmed in
the fluidized-bed system with simultaneous reoxidation of the leaching agent under oxygen pressure.

Table 3.12. Delin ore leaching by low concentration ferric chloride solotion with
high concentration of zinc chiaride. Sompie LP, fraction -400 mesk,
withont cyclome cinders below 20ium typical laboratory glass reactor,

temp 90-35°C, leaching time 4 h.

Leaching Lecaching
st lest
LC 124 LC 125
[nitial Canceniration Zn 183 170
in leaching Fe3t 24 205
solution (g/f) HCl 3 g
SolidAtiquid mtio 50g/700 mi 20g/700ml
Loss of weight during 20.3 28
\caching (%)
Cu 44,37 §1.89
Fe 10.4 846
Extraction to Zn 97.38 99.35
solution after Pb 98.42 98.34
4 hours, (%) Ag 71.14 .o
Sb 56.28 5382
As od 10

80H

Figure 3.15. Extraction of metals during
leaching of the LP ore
sample with zinc chioride/

oqf; ferric chloride solution.
a Experimental conditions see
o Table 3.12.
s @

20

0 1 1 3 4
Time {8l
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3.5 Supplementary Tests on the Mixed Chloride/Sulfate Leaching

Two supplementary tests were performed with aluminiem chloride solution. In the first test, ferric chloride, and in
the second test, ferric sulfate, were used as oxidizing agents. By such a combination the influence of the kigh concentration
of sulfate ions on chloride leaching, without gypsum precipitation occurring becaose of a calcium chloride solution, was
investigated. Results presented in Figure 3.16 indicate good extraction of lead and znc in chloride solution, At sulfate
ion concentratons of about 1.6 mol/, no negative impact was observed on the lead exiraction (Figure 3.17). However,
a retarding effect of sulfate ions on the zinc extraction is visibie, although the extraction degree is higher than in pure ferric
sulfate solution under the same leaching conditions.

100 -
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Tims (min) Time {min)

Figure 3.16. Kinetic of leaching In ferric chioride- Figure 3.17. Kinetic of Jeaching in ferric sulfate-
aluminum chloride system. Sample LP, aluminum chloride system. Sample
fraction 200-270 mesh. Solution LPU (old) fraction 325400 mesh.
concentration: [Fe] = 36 g/1; (Al] = 27 Solution concentration: [Fe] = 60 g/,
2/, (C1] = 5.6 mol1; [HC]] = 18 g/l, [Cu) = 1.7 g/, [Al} = 40 g/l, [SO*] =
liquid/solid ratio = 0.7 /50 g, temp. 1.60 moV/l, {CI] = 3.5 mol/, temp. 95°C,
95°C. liquid/solid ratio = 0.7 V50 g.

3.6 Sulfur and Gold Extraction from Residues after FBL Processing

Gold extraction from the regidues after Fluidized-Bed sulfate processing was investigated in a function of the pyritic
matrix decomposition. For this purpose the solid residues were leached in ferric sulfate sofution with continzous addition
of small quantities of nitric acid. In this condition sulfidic sulfur can be oxidized to the elemental form:

3Fel, + 2NO, + 8H* = 2NO + 4H,0 + 3Fe** + 65°
Competitive reaction in stronger oxidative conditions leads to partal oxidaton of sulfides to the sulfates.

3FeS, + 6NO, + 8H* = NO + 4H,0 + 3Fe?* + 48° + 250>

In bath cases the ferrous ions are nearly instantaneously oxidized to the ferric ions:

3Fe + NO,” + 4H* = NO + 3Fe** + 2H,0
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Results of tests on the gold recovery as a function of the pyrigc matrix destruction are presented in Table 3.13. The
heavy flotable fraction of the sample LP, after sulfate processing and fluidized-bed calcium chloride washing FBL 227 (Figure
3.7, flow 34), was leached by ferric sulfate solution with continuous addition of nitric acid. In the experiments about 32%,
and 54% to 72% of pyrite was decomposed, respectively, during st (LN-142) and 2nd (LN-230/231) “nitrate” leaching.
The solid residues obtained after these leaching tests, as well as the sample from FBL 227 not treated by “nitrate” leaching,
were leached with cyanide solution under conditions described in Table 3.13. Elemental sulfur generated during “nitrate”
leaching was not extracted from the sample and remained in the solid residues during cyanide leaching. However, in an
additional experiment sulfur was exmracted by xylene from another portion of the solid residue after “nitrate” leaching LN-
142; it was then directed to cyanide leaching under the same conditions as the other samples,

A relatively strong increase in the gold recovery with the pynitic matrix destruction (Table 3.13) is visible. Indeed,
only about 80% of gold is extracted if two-thirds of pyrite is decomposed, but this result is not final. The sulfur extraction
from the solid residue before cyanidation improves the gold recovery even when a third of pyrite is decomposed. This result
confirms previous observations (Chapter 2).

Stronger oxidation conditions diminish elemental sulfur formation. The amount of elemental sulfur found in the residue
after strong “nitrate” leaching (LN 231) corresponds only t0 35.4% of total sulfidic sulfur that was oxidized in this leaching.
The remaining amount is oxidized to sulfates.

Mild oxidizing conditions promote elemental sulfur formation. During “nitrate” leaching with controlled additon of
nitric acid (LN-142 and LN 230) about 66 0 68% of total sulfur i oxidized o the elemental form, but itis difficult to forecast
now if more, and how much more pyritic sulfur can be generated in elemental form in technically acceptable conditions.

Cyanide leaching seems to be suitable for gold recovery from residues after sulfate leaching. The degree of the gold
exwaction indicated in Table 3.13 is attainable after 16 w 26 hours. The fluidized-bed system should be tested for the

cyanidation process also.

Table 3.13. Gold recovery from treated ore in (onction of the pyritic matrix destruction by ™ mitrate” lesching. Sampie LP; beavy,
Tlotadde fractioa after FRL227 (Mow 34 ia Figure 3.7). Gold concentraifon in (e sample 2.51 ppm,

Losg Concentration of metals Degree Cyanide Leaching
Soild Sermple of and sulfur pfeer lesching of pyrite | Uquid/solid Change of Gold Silver
Specificavon weight Cu Fe Zn Pb  Ag N decompo- Ratio pH during exuaction extraction
@ ® & ® (pm) (ppm) (B sitien (%) Vg lcaching (pH) (%)™ %)
Residue from FBL22T - 018 3240 161 87 8767 531 - 07151 11.54/10.12  53.7/58.1 66.6
Rosidue from £.N142 19.62  0.17 2752 038 744 10641 9.95 32 05739 11.6510.56  62.7/65.3 nd.
Resithe after saifor ext, -
from LN142 1207 0.19" 30.56" 0.40° 826° 117.85° - 2 0.5/33 11.781031  69.0/78.4 754
Residue from LN23O/23! 5267 0.23 28™° 061 1033 8313 (9.98 6310 0.5/42 12.0510.50  74.8/84.7 82.6

Leaching conditions - LN-[42: (Fex(SO4)3) = 0.12 mal/L: (H28O4) = 1.35 mol/L; Av. rate of HNO3 (70%) feeding = 0.6 mumin; leaching time

203 mir; Initial Liquid/solig (L/S) ratio 0.7L/101g- Temporature: progressive increass from 68° 1o 93°C, LN-230/231; 1t siep: [Fe2(SOs)y} = 0.12
mol/L; [Hy504} = 1/35 molL; Av. rate of HNO3 (70%) feeding m 0.3 ml/min; Leaching time 140 min; Initial 1/S - 035 1/1004g; Temp, 82-92°C.
20d suep: fFe2(S04)a) = 0.19 mol/L [HNO3) = 2.8 motL; Leaching time - 18 min; initial (US raio = 0.27$ /73.2g. Cyanide Leaching: [NeCN] = 1g/L
[NaOH] = 1g/L; Leaching time = 48 .

*) Caltulate from balanco

**) Low accuracy +10%

*%¢) Analytical results from two digested sotkl samples
nd. - not determined
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3.7 Summary and Conclusions

3.7.1 Leachability of LP Ore-samples
LPU ore-sample (old sample from 1985) represents better leachability than new LP (1986) sample. The comparison
of some results is presented below:

LPU LP
{old, 1985 sample) (new , 1986 sampie)
Concentration Zn 6.63% 6.80%
in Pb 2.83% 3.52%
ore Cu 0.38% 0.28%
Ag 92.7 ppm 87.1 ppm
Aa 348 ppm 2.10 ppm
Extraction Zn  89-96 ~96
in Pb*  96-99 98.99
comparative Cu 60-84 ~60
conditions Ag' 7091 60-80
(%) Au 70-90** 60-80**

%) in ¢hloride FeCl, leaching
**) in cyanide leaching followed sulfate/chloride and sulfur extraction steps
*¥*) in cyanide leaching after "nitrate” leaching

The comparison of metals extraction from the LP are-sample is presented for the different leaching processes in Table
3.14. Tbese results should be analyzed carefully because of the different experimental systems that were used. Nevertheless,

Table 3.14. Metals extraction from Defta ore (sample LP) in the
investigated kenching systems.

Kind of Time of Cummuialive Extraction, %
No. Leaching System Processing Processing(h) Co  Fe 2n Pb Ag Sb  As
e FepSO4), C2Cly,, Oy FBUF 13 61.7 3715 844 9194 5897 7246 32
(b P&y(S04)3, CaCly, FeCla, Oy FBLF 84 nd. 406 9899 9906 7944 nd.  nd
te Fez(S04)3 - 09, CaCly, HNO3 FBLF-LC nd 770 66 97.2 nd. 8L56 nd. nd,

1d Fea(504)3 - O, CaClp, HNO3, NaCN  FBLF-LC  nd 823 n.d. nd, nd.  96.8 nd. nd.

2 FeCls - CaCly, Oy FBL 437 46,7 165 9475 98)5 594 347 716
3 CuCly - CaCly, 02 FBL 4.55 769 ad 955 976 828 752 282
4 FeCls - ZnCly LC 490 579 285 99.35° 983 730 538 100
$ FeCl3 - AICY LC 20 586 25.% 973 976 585 210  na
6 Fo(SOa)3 - AICH LC 3.0 558 242 TI2™ 977 5766 nd.  nd.

FBL/F - Flsidized-Bed Leaching and Floasion

FBL-  Fhidized-Bod Leaching

LC- Non-continuous experiment in classical glass reactor

nd.- Not determined

I¢c - cummulative extmclion afier pactial destruction (~63%) of pyritic maurix (see Tabfe 3.13)

14 - curamudative extraction aftet cysnide leaching (see Table 3.13)

All expertiments, except No, 6: Ore sample LP(1987); Experiment & Sample LPU (1986).

All experiments, exoept No. 5 and 6: Fraction 400 mesh, wilhow cyclone cindess -20pm; No. 5: 200-270 mesh; No. 6: 325400 mesh,
. ARer 2h of leaching; 97%

i Low acoursey + 15%
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visible superiority of the silver extraction in CaCL solution, the iotal and fast zinc extraction in ZnCL/FeCl, solution, as
well as relatively good results of the fluidized-bed, multistadial, sulfate/chloride leaching is evident.

A high degree of silver and gold recovery is confirmed by cyamide leaching carried out after partial destruction of the
pyritic matrix. Probably the same silver recovery (96.8%) can be obtained in chloride leaching conducted after pyrite
destruction. 80% of the gold extraction with cyanide solution, from residue left after decomposidon of about 60% of the
pyrite should be improved in the next expériments.

3.72 Fluidized-bed leaching (FBL) reactor

The Leaching-Flotation (LF) process was modified by coupling with the Fluidized-Bed leaching (FBL) process. This
improvement is important because it combines adjustment of long leaching time with fast flotation, under elevated oxygen
pressure. The tests on the fluidized-bed leaching accumaulated evidence about advantages of this leaching system.

Low capital investment and low operating costs are expected due to the high capacity of the FBL reactor (liquid/solid
ratio: 1:1.5); its simple construction and the applicability of the similar units to different leaching or precipitation processes;
easy trangport of reactive medias; and segregation of different solid components constrained by their physical and physico-
chemical properties also ander elevated pressure of gaseous resgents. The fluidized-bed leaching system creates condifions
for producing solutions with high concentration of extracted metals. For produaction of very concentrated leach solutions
the FBL process can be conducted on a semicontinuous cyclic base, tike elution from loaded ion exchangers, where the
solution only is transported through flvidized-bed, or solids only are transported through the same solution.

Fluidized-bed leaching segregates particles according to their specific gravity, shape and size:

Specific Gravity
Heavy Medium Spec. Light
Minerals Gravity Minerals Mineral
PbS 7576 FeS, 4950 FeSOHO 297
AgS 7274 CuS 4648 ZnCy, 2.91
PbSO, 62-6.35 CuFeS, 4.143 Si0, 2.65
FeAsS 6.1-68 Zn§ 394.1 CaSO,2HO 2.3-2.37
PbCL 5.8 FeOOH 3343 Se 207
AgCl 5.55 Jarosites  2.9-3.3 ZnS0O, 1.98

For instance, during fluidized-bed sulfate leaching, non-reacted PbS, new formed PbSO, and arsenopyrite FeAsS, were
collected in the bottom part of the reactor. Other sulfides were suspended in the fluidized-bed in the central pant of the
reactor. Elemental sulfur, that 3s non-agglomemted with sulfides, gypsum and silica were transported with solution outside
the reactor and sedimented. The fluidized-bed leaching can be coupled with the flotation under oxygen pressure to segregate
the leached particles according to their flotability.

The FBL. process can work in any kind of leaching solution, including cyanide, and can be used for recovery of any
metal from disintegrated material.

The fluidized-bed leaching conducted under oxygen pressure is thought to be a new process. No bibliographical
references are known by the anthor, From an engineering point of view, the fluidized-bed leaching reactor belongs to a
group of three phase (solid-liquid-gaseous) reactors,

3.73 FBL-Process application in the sulfate system,

The proposed flowsheet of processing is schematically shown in Figure 3.18. The principal elements are similar to
the flowsheet for the second variant of ore treatment presented in Chapter 2. According to the current version, the
sulfate leaching steps are conducted in three 3-phase (solid-hquid-gaseous) reactors (Figure 3.18). In the 1st reactor,
production of the purified zinc sulfate solution with simultaneous separation of solid in two flows is resolved by coupling
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the fluidized-bed leaching (FBL) process with flotation (F). In the 2nd reactor, three flows of the solid suspensions in solution
are separated: 1st, a flotable fracdon with non-reacted suifides and sulfur; 2nd, a light nonflotable fraction, generatly with
products of iron hydrolysis, gypsum and quartz; and 3rd, a heavy non-flotable fraction with lead sulfate, silver chloride,
some gangue minerals, Probably total goid will also accumulate in the 3cd fraction. In the third reactor, destruction of
the pyrite matrix is carried out in the presence of nitric oxides. In this reactor, the 3-phase froth (solid-liquid-paseous) is
the principal reactive medium, Elemental snlfur is separated from this reactor in the flotable fraction. The suspension of
the non-flotable particles is directed to the 2nd reactor.

The major part of the solid products of iron hydrolysis is precipitated in the 3rd reactor. However, the final formation
of easy-to-separate crystalline goethite and jarosite is formed in the 2nd reactor. This occurs in very favorable conditions
because about 20 g/l of ferric ions remains in solution after precipitation.

The spontaneous decomposition of pyrite by leaching with nitric acid is known:

3FeS, + 6NO, + 8H* = 6NO + 4ILO + 3Fe* + 48° + 250>

w T4 O
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Figure 3.18. Simplified flowsheet of the Fluidized-Bed and Flotation Processing in the sulfate solution.



Processes based on this reaction were proposed as one way to recover metals from difficuit-to-dissolve sulfides. A
disadvantage of these strong oxidative processes is thata considerable portion of the generated sulfur is oxidized to sulfates.
This spontaneous reaction can be changed into a controllable action of nitrous oxides with nitri¢ acid generation under elevated
oxygen pressure:

2NO(g) + O,(g) = 2NO,(g)
3NO,(g) + H,0(1) = 2HNO, (ag)

This reaction is attainable in the proposed reactor during leaching-flotation (LF) processing, conducted in the 3rd reactor.
Atthe same time, small quantities of nityic acid transported with the non-flotable fraction to the 2nd reactor, and with recycled
solution to the 1st reactor, accelerate the relatively slow decomposition of sphalerite.

Lead sulfate and insoluble (in these conditons) gold and silver are accumalated in the heavy nonflotable fraction (2nd
reactor). It is worth mentioning that the possible dissolution of silver can be lescned in the sulfate solution by the addition
of small quantities of chloride ions.

Lead and silver are recoverable from the heavy nonflotable fraction by short, simple non-pressure fluidized-bed leaching
in calcium chloride solution. Gold can be cxtracted by the classical cyapidation, taking no longer than 24 hrs, or in the
fluidized-bed cyanide leaching under elevated oxygen pressure with an expected retention time from 1 to 2 hours. The
gold concentration in the cyanide solution after fluidized-bed leaching is expected to be higher than 100 ppm.

3.7.4 FBL-Process in the chloride systems.
An application of fluidized-bed leaching to known chloride systems, does not changc the general flowsheets of the
chloride processing, The most important new features arising from this modification are:

- diminishing the concentration of the leaching agent, and increasing the concentration of the extracted metals under
elevaied oxygen pressure;

- continuous iron oxidation with partial precipitation of the iron hydrolysis products, under elevated oxygen pressure
or by chlorine action;

- dim:nishing of the total volume of the leaching installation.

The activadon of cupric chloride or ferric chloride leaching by nitric oxides accelerates leaching of the scarcely soluble
sulfides (CuFeS,. MoS,), allows for decomposition of nearly insoluble pyrite, and dissolves precious metals which form
complexes with chloride ions. This is economically sound if reoxidation of nitrous oxide (NO) to nitric oxide (NO,) is
carried out. The Fluidized bed leaching/Flotation (FBL/F) reactor i particularly useful for this kind of processing.

3.7.5 Zinc.chloride leaching process.

Chloride leaching of complex sulfide ores with a high concentration of zin¢ chloride solution containing ferric chlonde
is experimentally confumed at MIRL as one of the best (Table 3.14). The following unexpected laboratory results were
obtained:

- LP ore leaching by solution with initial concentrations: 170g/1 Zn (354.6 g/l ZnCL), 20g/1 Fe (58 g/ FeCL), and
30g/1 HC1 in the typical conditions (Table 3.12) give the following results:
Lead - 96.5% exuracton after 10 min,
Silver - 75% extraction after 1 hour
Zinc - 96% extraction after 2 hours

Maximum ZnCl, solubility is very high - 48 moles ZnCl, per liter of solution, at a temperature of 25-80°C. This solubility
1s similar to the value for the eutectic mixture in the fused salts systems. The solution containing 7.8 mol/l ZnCl, has a
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freezing point of -62°C. Viscosity of the ZnCl, concentrated solution is many nmes higher than that of water, Specific
gravity of concentrated solutions attains 2.5. The solution with 6 mol/l ZnCL has pH = 1.

The concentrated solution of ZnCl, is an excellent electrolyte for the electrolysis processes. Maximum conductivity
at 25° C has the ZnCl, solution containing 170 g/t Zn. This velue is two times higher than ZnSO, solution containing 120
g/1Za. Also cathodic current efficiency is best at this zinc chloride concentraton: 87% efficient for cathodic current density
1,100 A/m?, and 75% efficient for 2,200 A/m?,

Other electrolysis conditions in the ZnCL, concentxated solution are compared in Table 3.15 with actually known zinc
chloride electrolytic cells in which compact, dendrite-free zinc cathodes are electrowon.

It is worth mentioning that at a temperature of 9.6°C (40°F), chlorine gas produced at the anode during electrolysis of
chloride solution reacts with water and forms yellow crystalline chlorine hydrate. This solid product can be removed from
electrolysis as a slurry in the spent electrolyte, diminishing the risk of environsmental contamination by gaseous chlorine.

Zinc deposition from concentrated ZnCl, solution (Thomas & Fray) undoubtedly presents the highest advantages; it
is simple, repregents high yield from the same cathodic surface and operates in the best electrochemical concentration. Only
a decrease of the cathodic current density, i.e. to value 1,100 A/m? (still higher than for comparative processes), increases
the current efficiency 1o a level of 90%.

However, in spite of this obvious superionty, none of the known sulfide leaching processes was able to supply a
concentrated solution of zinc chloride of suitable quality, Most frequently, the solvent extraction processes were aimed
to purify diluted solution after leaching and to concentrate it, but not so strongly. At the same time, purification of the high
concentration zinc chloride solution containing 170-200 g Zn/1 can be camied out before zinc electrowinning, without the

“Table 3.15. Comparistn of 2inc electrolysis conditions from zirc chioride solotions,

for three Known processes.
Thomass and Tecmicas- CANMET
Fray - Cambridge Reumidas Procese’
Univ. England Process?
Zine concentration in soin. 150 60-70 30
fed to lectrotysis (g/1)
Zing solntion concentration 142 30 13
in cathodic compartment
Zine concemration in spent 142 02 "
anotyte
Inent chlaride in eathoiyte NH4CI1 (0-70g/L) NaCl (166g/L) NaCf (0-1 molL)
HCl in catholyte (g/L) - 21 5
Celt voitage (V) 3.98 2.9 4.1-5.5
Cathodic current density (A/m2) 2,500 700 328
Cuorrent efficienty (%) 76 n 96
Cathode/Anade comparmment none caton-exchange disphragm
separator NAFION type DYNEL

1y BX. Thomas, D.J. Fray

2) E.D. Nogwira, ] M, Refige, and M.P. Viegas

3 DJ. MacKmnon, J M. Brannen and R, M. Momrison

All from P.D. Parker (Editor). “Chloride Hydromerallorgy™ The Metaliurgical Society of AIME, New Yark,
1982,



solvent extraction step:

- irom is easy to precipitate in the form of crystalline goethite from a solution having such a zinc chloride
concentration;

- lead is easy to precipitate by zinc by the method of the tast patent of the Tecnicas-Reunidas, or by other known
techniques.

The flowsheet of complex sulfide-are processing based on leaching with a concentrated solution of zinc chloride will
be described in the patent application.
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ABSTRACT

Thisreportcontains the results of research on arsenic and antimony removal from chloride leach solutions prior to solvent
extraction treatment and zinc electrowinning. The research, carried out in a continuous laboratory installation, shows that
arsenic conceniration in solution depends strongly on the oxidative conditions of leaching. Arsenic removal from solution
is relatively fast under elevated oxygen pressure. Arsenic conceniration can be reduced to near 100 ppm at pH 2; further
reduction requires additional neutralization. Under the experimental conditions, arsenic precipitated with iron and lead and
the elemental sulfur concentration in the final residues was 16.1%. Gold recovery from these residues by cyanidation was
from 66 to 77%. A short description of supplementary rescarch and designs and construction of a laboratory electrolyser
are given.

The research described in this report was performed with active participation from the following persons:
Mr. Wang Zhao Fang

- Laboratory tests of leaching in high concentration zinc chioride solution;
- Zinc electrolyser set up; '
- Analytical help in all experiments
Mr, Winghsiao Yuen
- Cyanide leaching tests.
Mrs. Jane Smith
- Analytical support in all research.
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4.1 Introduction

The knowledge of arsenic and antimony behavior in hydrometallurgical processes is important because of the following
T€asons:

- Arsenic and antimony occur in nearly all complex sulfide ores.

- The presence of arsenic in aqueons solutions, directed to electrolysis, degrades properties of deposited metals (Cu,
Zo, Ni, Pb, etc.) and diminishes current efficiency during electrolysis.

- Gold and silver are often intimately associated with refractory arsenic-sulfur or antimony-suifur minerals. Recovery
of these precious metals requires destruction of the mineral matrix,

- Arsenic and antimony are toxic and disposal of solid wastes containing even their relatively stable compounds can
be hazardous and subject to environmental regulation.

- Arsenic forms many scarcely soluble compounds with several metals and disturbs hydrometallurgical processes.

- Both elements and their compounds have many technical applications and have high value.

In aqueous solutions arsenic occurs in third and fifth degree oxidation states as the arsenite anion As0, and the more
stable arsenate anion AsO?.

The relative dominant regions of these ions are presented in the E~-pH diagram in Figure 4.1 [4.1). The regions of
thermodynamic stability of arsenopyrite FeAsS and ferric arsenate FeAsQ, are presented in the E-pH diagram of the gystem
Fe-As-H,0 (Figure 4.2)[4.2].

In solutions that do not contain sulfate, phosphate or carbonate ions, arsenic forms many stable solid phases with several
metals. Stability of these compounds depends on electrochemical conditions (Oxidative-reductive potential) concentration
of dissolved species and pH of solutions (4.3, 4.4).

The regions of thermodynamic stability of iron, copper, zinc, lead, silver and calcium arsenates are shown in Figures
4.34.8. These regions can be diminished in chloride solutions because of strong complexation of metal ions by chloride
ioa.

’HSAsO‘(oq)
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~—~—_ AsOy

Eh 00 €h 00

.0 AsO> -10 3
o ? - . Fe Fa(OH)>"
(As] =1G*M (Fel»10 M
x (As)=[S) =10°*M.
-20 1 | ) .20 ] { |
00 40 8.0 12.0 160 00 40 BO (2.0 18.0
pH pH

Figure 4.1. E-pH diagram for the As-S-H,0 system at Figured4.2. E-pH diagram for the Fe-As-S-H10 system
25°C [4.1]. at 25°C.
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Figure 4.7.

Respective metals arsenites, As(IIT) compouads, are
more soluble and generally cannot be precipitated from
solutons of pH lower than 3 [4.3]. Arscnic (TI) oxide
(As,0,) is relatively stable in acidic solution. It can be
precipitated from salution with concentration higher than
0.2 mol/l. The stability diagram of ferrous-arsenite com-
pounds is shown in Figure 4.9. Introducing sulfates, phos-
phates or carbonates to solutions containing AsO,” and
AsQ,* jons causes formation of new solid phases generally
associated with the formation of basic salts (4.5].

Even at low sulfate concentration, precipitation or
crystallization of mixed arsenic-sulfatea compounds can
occur. These are:

- Beudantite, PbFe,(As0,)(S0,)(0H), group com-
pounds, in which lead can be replaced by calcium
or hydronium jon (H,0*).

- Crandallite, CaFe,(As0,),(0H),H,0, group com-
pounds in which calcium ion can be replaced by
bartum or lead.

Beudantite can be associated with scorodite FeAs0,2H,0
and anglesite-PbS0,. From stoichiometric point of view
beudantite corresponds to the following composition of
compounds:

(PbS0,)(FeAs0,2H,0)(2Fe00H)(2H,0)
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Despite the similarity of beudantite to the above composition, beudantite has its own distinctive crystallographic sym-
metry.

The application of chloride leaching to metals recovery from Delta-ores has been investigated by MIRL since the fall
of 1985. The leachability of sulfides occurring in the Delta ores in chloride solutions at moderate temperatures (90-104°C),
depends on the oxidative conditions of leaching. Easily soluble under nonoxidative conditions, with the evolution of LS,
are galena (PbS) and pyrrhotite (FeS). Under mildly oxidative conditions created by ferric ions, galena, pyrrhotite and
sphalerite (ZnS) are decomposed with elemental sulfur generation. Decomposition of tetraheadrite ((Cu, Zn, Fe),, Sb,§, ),
chalcopyrite (CuFeS,), and other copper-iron sulfides requires stronger oxidative conditions created by CuCL, FeCl, and
elevated oxygen pressure. Under such conditons, greater than 90% of sulfidic sulfur is oxidized to elemental sulfur and
not more than 10% to sulfates. Strong oxidative condittons formed by catalytic action of nitric oxides or nitric acid are
necessary to decompose pyrite (FeS,), arsenopyrite (FeAsS) and probably tenantite ((Cu, Fe),, AsS ) in a period time
comparable to those of easily soluble sulfides. At theseconditions, more sulfidic sulfuris oxidized to sulfates, whose presence
in the chloride solutions strongly affect solubilities of many metallic compounds including compounds of arsenic and
antimony. However, only cursory attention was directed at arsenic and antimony behavior dunng chloride leaching [Chapters
2 and 3],

Resulis of some previous experiments indicate weak arsenic extraction in chloride or suifate solutions and higher
extraction of antimony. The highest extraction of both metals was observed in the CuCl, - CaCL/MgCl, leaching system.
The extraction data collected in Table 4.1 corresponds to Jeaching conditions in which more than 94% of zinc, more than
98% of lead, 50% of silver and not more than 54% of copper were exeracted.

In high concentration ferric chloride solutions where a pordon of the arsenopyrite is decomposed, the arsenic concen-
tration in solution is controlled by the precipitation of low solubility ferric aresenate (FeAs0,2H,0), or when the solution
contains soluble sulfates, by precipitation of scarcely soluble hydroxo-sulfates and arsenates. Good leaching selectivity
of nonferrous metals in contrast to arsenic and antimony was observed for the FeCL-CaCl, system. However, ferric ar-
senate can be disgolved under strongly acidie leaching conditions.

A second important observation was that the decomposition of pyritic, arsenopyritic, orother refractory sulfidic matrices
causes an increase in the subsequent gold extraction by cyanidation.

Table 4.1. Approximate data of arsenic and antimony extraction in different chloride solutions [4.6, 4.7].

Sample of the Extraction (%)
Leaching Svstem Delta Ore AS Sb

1  FeClz-CaCly LPU 62-109 54.7
2 FeChy-ZnClp LPU and TRIO 6-10 52-54
3  FeClz-AlCh LPU 25 23
4  CuCly - CaCly LPU 28.2 752
5 Fea(S04)3 - AlCl3 LPU 10.7 n.a.
6  Fex(S04)3 TRIO 123-269 n.a.

Time of Leaching: 4-6 hours

Temperature: 80-96°C

Size of Ore Sample: from 200 to 400 mesh

Initial Iron Concentration: 20-30 g/l

Liquid/Solid Rato: 0.7L/50g-0.7L20¢
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The following four sections of this report discuss:

1. The identification of conditions controlling arsenic and antimony extraction daring chioride leaching of complex
sulfide ores, and

2. Arsenjc and antimony oxidation and selective precipitation with iron from leach solutions.

4.2 Description of Experiments

All tests were performed with the TRIO ore sample, which among all other Delia ore samples hag the highest arsenic
content. The metals concentration and mineralogical composition of the TRIO sample are presented in Table 4.2.

The sests on arsenic and antimony leaching, oxidation, precipitation and crystallization were performed on a bench scale
in both a batch and a continuous manner, All batch experiments were carried out under atmospheric pressure and at a tem-
perature below the boiling point of the solution, in a glass reactor or a beaker with a stirrer. All continuous experiments
under elevated oxygen pressure, were carried out in the two column reactor system described in Chapter 3 and a¢ the annual
AIME meeting in Phoenix, February 1988 [4.8]. Two modifications to the system are shown in Figure 4.10. The first
modification consisted of the addition of a horizontal, cooled separator that improved crystal formation and particle
sedimentation from the recirculated sohmions. The second modification was a horizontal heated separator for the
sedirmentation/separation of hydrolysis products from oxidized solution,

The solutions used in the laboratory experiments contained variable elemental concentradons:

Fe from 2.5 to 71 g/
Cu from 0,06 t0 2.6 g/1
Zn from 1.5 to 196 g/l

Pb from 0.8 10 6.6 g/l Tableda. land X of the wsed i
Ag from 4 to 28.1 mg/l experiments. Deits Ore, sample TRIO, sizs 270400 :::h B
Sb from 1.6 to 130 mg/l

As from 0.16 to 10 g A) Elemenual composition of the ofe sample,

Ca from 0.8 10 45 g/1
0 38 e e
Za 1.50% Ag 113.8 ppm
Po 730% Au 398 ppm
4.3 Arsenic and Antimony Behavior As 6.99% Total Sulfur  27.52%

During Chloride Leaching

ili 5 : . ‘2. B) Mineralogi iion of the ore sarople.
The leachability of arsenic and antimony in acidic gic composi ore samp

chioride solutions was tested under the following specific

conditions: Zms 11.18%
PbS 342%

~ low temperatre (70-80°C) leaching under ele- Fe$ 236%
vated oxygen pressure (p,, = 20-30 psig); CuFeSy 3.89%

- leaching at higher temperature (90-100°C) and

FeAsS 15.14%
under atrmospheric pressure of air; Fesa —
- leaching at higher temperature and under elevated .
oxygen pressure (20-30 psig); Fe (oxidized) 191%
- leaching at higher temperature and under elevated Insoluble Residus 467%
oxygen pressure, activated by a small addition of i
nitric acid (5g HNO/ solution)., Total ldendified 9165%

. . . . Tesrahedrite and Tenamiw were confirmed as minor minerals.
All pressure Jeaching tests were carried out in the installa.

tion shown in Figure 4.10 according to flowsheets presented
in Figure 4,11 and 4.12. Each experiment was terminated
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Figure 4.10. Laboratory installation for fluidized bed leaching, precpitation and flotation under elevated
oXygen pressure,
R} and Ry - Column reactors (dia. 4 inch, height 48 inch, max, pressure 50 psi)
R3 - Pressure liquid/solid separator (150 psi)
Sy and Sy - Separators for sedimented fraction of suspension (50 psi)
B - Pulp preparation beaker
C\ - Pressure crystallizer (100 psi)
C4 - Separator for hydrolysis products sedimentation
D¢ and D, - Fritued-glass discs for oxygen dispersion in reactors (60 psi)
F1 and F3 - Oxygen flow-meters (150 psi)
G - Gauge (oxygen, 150 psi)
Hj-Hs - Heating tapes
Hg - Immersion heater (in fused quartz tube)
M and M - Magnetic stirrers
M-H - Hot plate with magnetic stirrer
P{-P3 - Tubing pumps Masterflex with Norprene tube, adapted to pulp transportation under
40 psi pressure
P4 - Piston metering pump for solution (159 psi)
Ty-T3 - Thermometers
1-21-Teflon valves
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Figure 4.12, General flowsheet of mixed bath/continuous experiment (Table 4.6) carried out in the
fluidized bed reactor and in a static reactor (3 liter beaker).

a segregation of solid particles by a leaching/flotation stage, conducted with oxygen dispersed in the solution under elevated
pressure (20-30 psig). For improved sepamtion of the final solids fractions, the leaching/flotation was repeated in some
cases under atmospheric pressure of air in the installation described in Chapter 2. The results of six tests are presented in

Tables 4.3 through 4.8. Specifi¢ leaching conditions and parametcrs are given.

The atmospheric pressure leaching tests (Tables 4.4 and 4.5) are included in the combined leaching/precipitation

experiments and the general flowshect is presented in Figure 4.12. These are:

- the fluidized bed leaching of ore wilh the solution identified in Figure 4.12 as flow (1), and bench scale leaching
of succeeding intermediate products, flows 2 and 3, conducted in a large beaker (3 liter) with the sofutions of flows
13 and 15. The nonflotable fractions from both experiments (Tables 4.4 and 4.5) were combined. This joint fraction
(Flow 5) was divided between two experiments proportionalely to the amount of fresh ore used in both experiments.
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Tabie 4.3. Mctoh concentration in the flows during leachiog tests carvied out in the laboratory

(FBL) installation (Figure 4.10) according (o the flomshect in Figure 4.11.
Chloride solutlon; Initisl pH = 0.2; temyp. 70-80°C; time 2 hours

) Amount of
) Flow * CONCENTRATION (%) (Au, Ag in ppm) Total Flow
Specification of Flow No. | e Cu Zan Pb Ag Sb At Ca Aw 505 §° | (Grams)
Raw Material (Ore) to Processing { 2303 135 750 730 1188 014 699 33 3.98 . 1500
Product (Ore) after Leaching 2 - - - - - - - - - - - -
Final Product - Flotable Fraction 3 4 157 525 2.60 150 018 826 021 540
Light Fraction of Products 4 64 026 12 452 26 005 12 32 200
Non Flotabte Fraction of Products 5 25 17 93 16 118 015 82 03 380°*
Immodiste Crystalliraton snd é 19 012 217 281 10 002 06 780 60
Precipitation Product
Slow Crystallization Products 7 215 010 80 315 9.01 002 <04 452 40°*
CONCENTRATION (/1) (Lbers}
Leaching Solution (Inlet) 8 192 098 196 08 318 003 102 3534 1.58 14
Eeach Sojution (Outlet) 9 34.7 1.25 232 08 976 0077 0.16 213 7.0
* ldentification numbers in the flowsheet (Flgure 4.11)
**  Approximate weight of fraction (not tomlty recovered after experiment).
CalculuodComu(g;imin tbe Flows (Calcutated from AA analyses, masy balance considerations and agsumptions):
) (%) (%) (%)
(1) FeSy 3275 4) PbCly 5532 (6) CaSO2H0 3354 M PbSO4 2350
FeAsS 154 Pb$§04 14.6 PoChy 20.76 PCl, 2068
rA 1118 PbS 4.69 PbS04 751 CaS04.2 HO 19.44
PbS 842 CaS042 H70 13.76 FcO0H 231 FeO0OH 342
CufeSy 385 FoOOH 159 FeAsQ42 Hy0 1.82
Insoluble 4.67 FeAs042 Hy0 0.55 ZnS047 HY 9.53
(5109 FeAsS 1.73
Tuble 44. The nonpressure, baich leaching/precipitation tot. Cluoride sotation;
{nftdal pH = 0.2, (cmp. 90-98°C, time 90 min,
Amount of
Flow ® CONCENTRATION (%) (Au, Ag in ppm) Total Flow
Specification of Flow No. | Fe ou za Py Ag S5 As Ca A 80§ S° | (Oramsee
Raw Materia (Ore) to Processing 1 2503 138 750 730 1188 014 6959 33 398 - 539
Intormedisto Product Afier Leaching | 2
Flowbic Fraction After Processing 1 (240 115 360 194 1043 021 1293 004 381.8
Light Fraction of Solid Particles 4
Non Flomble Fracton Afier b 6.29 1.67 057 1901 {1221 0.4 437 356 128**
Processing
Immediote Crystal tiration arxd 6
Preciplstion Product
Slow Crysatilzation Products 7
Volume®**
CONCENTRATION N SQLUTION, Grams Pex Liler (Au Agiopom} | (iler)
Leaching Sofuion (Inlet) 10 | 318 23 us$ 082 16 0.124 10 0.80 2
Leach Solation (Outlet) 11 323 213 119 1,38 272 0004 436 1.26 1.8

¢ The numnbers as in the (lowsheet (Figure 4.12).
*® The part of common flow of 274g. The second part in the same flow in Tablc 4.4.
ses  Approximat amount or votume; not precise enough for a balance calculation.
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Table 4.5. The nonpressure batch leaching/precipitation test. Chloride solulbon;
Initial pH=0.8; temp. $0-304°C, time 60 min.

Amount of
Flow * CONCENTRATION (%) (Au, Ag in ppm) Towl Flow
2-
"Specification of Flow No. | Fe Cu Za 2] Ag Sb As Ca Au S0, §° | (Gramsi
Raw Material (Ore) to Processing 1 2503 138 7150 730 188 014 699 33 398 - - 613.5
Imamediste Product Alter Leaching| 2 - - - B . - - - . .
Flotable Fraction After Processing 3 224 164 831  3.08 140.1 019 1024 012
Light Praction of Solid Parucles 4
Non Flotable Fraction After 5 629 167 057 190t 1221 0.14 457 553 146**
Processing
Immediac Crysallization and 6
Precipitation Product
Slow Crysul.lluuon Products 7
) Volume=**
CONCENTRATION IN SOLUTION, g/l i (Liters)
Leaching Solution (Inlet) 10 287 242 1156 146 2046 0088 659 148 26
Leach Solugon (Outlet) 11 29.14 2.60 1038 1.00 2530 0004 228 170 2.5

*  The numbers as in the flowsheet (Figare 4.12).
w*»  Onc part from total amount of 274g. The sotond part (128g) is indicated in Table 4.5 (Flow 5).
¢ Approximase volumo; not precise enoagh for 1 balance cakenlation.

Calcolated Concentrations in the Flows (Calcnbated from AA analyses. mass balance considerations and assumpions):

FeAsQ4-2H-0 14.1
FoO0H 45
PbS04 204
CaS042H50 39

Arsenic was not extracted from the fresh ore to the leach solution when;

- fresh ore was leached in a weak oxidative condition at temperatures below 90°C;
- pH of the solution is higher than 0.2.

Arsenic precipitates from the leach solntion from the previous tests under these conditons and this behavior seems
independent of the arsenic concentration in solution. In the above experiments arsenic concentration diminished:

from 1.02 g/ to 0.16 g/l (experiment: Table 4.3)
from 6.59 g/l to 2.28 g/l (Table 4.4), and
from 10.00 g/ to 4.36 g/l (Table 4.5).

In moderate oxidative conditions created by ferric chloride and oxygen under elevated pressure, a slow extraction of arsenic
to solution was observed:

from 1.97 g/l 10 4.80 g/l (Table 4.7), and
from 0.39 g/l to 3.05 g/l (Table 4.6, Flows 15 and 16). _

In the second case, i.e. carried out according to the 2nd flowsheet (Figure 4.12) and described in Table 4.6, arsenic was
leached from an intermediate product; the solid residue from the previous leaching/precipitation stage. In this case, arsenic
extraction to solution can be attributed to dissolution of the precipitated products of hydrolysis and not to decomposition
of the primary arsenopyrite or other refractory arsenic-sulfides.

Under swongly oxidative conditions, those created by nitric oxides or nitric acid activation, arsenic as well as antimony

are partly extracted to the acid solution. In the experiment described in Table 4.8, their concennadons in the leach solution
increased:
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Table 4.6. Cumulative data from combined batch/continuous nonquantitatve experiments carried out sccording to the
2nd Flowsheet (Figure 4.12). Chloride solution, temp._ 90-98°C

Flow* CONCENTRATION IN SOLIDS (%) (Au, Ag in ppm) fai';,"'m

Specification of Flow No.| Fe Cu 2n Pb Ag Sb  As Ca  Au soi‘ §° | [Grams)
Ore, Sample TRIO 1**| 2503 135 750 730 1188 0.140 699 3.3 398 - . 1.152.5
Ore Afler Leaching/Precipitation 2+ | 2301 133 624 553 120 0217 1148 043 1,054.8

OtS:Ag!::erbing 3 | 2752 151 1087 345 9340 0211 1012 052 1.060.0%**
Flotable Froction After Processing | 4 | 3165 144 260 0.3 1427 0220 855 012 485
Light Fraction 5 629 167 057 1901 1221 014 457 556 274
Products of Hydrolysis 6 | 1496 041 685 437 3778 0078 595 0.17 11.2
Light and Crystallise Fraction 7 172 001 002 1571 - - - 1356 25.12
Crysials 8 | 1052 056 020 2086 7525 039 7.67° 246 116.4
Light and Noa Flotablke Fraction 9 | 2305 027 086 186 2747 0.10 485 625 108.4
Volume

CONCENTRATION IN_SOLUTION. ¢ (Au, Ag in mg/d) (Liters) _

Lesching Solution (Inlet) 10=* | 318 230 U8 082 160 0124 100 08 6.1
Leach Solution After Crysullization | 1t | 2851 273 )48 231 2342 0011 525 146 844 59
Leach Solution (Outlat) 12 [ 1943 334 1568 113 2812 0012 &79 0.60 137 55
Washing Solution 13 252 007 151 64 1180 0.I20 016 44 48
Wash Solution After Crystallization | 14 746 042 1448 277 1540 0092 303 236 47
2nd Leaching Sofution 15 | 28 082 S99 23 412 00% 039 360 40
2nd Lezch Solution Afier 16 | 214 08 794 39 672 0155 305 217 42

Crystallization

* The same npmben m in the flowsheer in Figoro 4.12
** Cusmlaiiva datn {rom 3 expeniments performed with fresh ore: Two simlar baich tasts docunented in Table 4.4 aod 4.5 as weil as in Figuc
d.lkmdmﬂmdiudh:lluchhmlmalqﬂ“hmomplc)wuhmmwuﬂmﬂubuhapcdmmﬂabhlAMA.ﬁ)Ml.lllhu:
of the same silotion ag used in above experimenis,
*** QOnly sbows 70% of sotal flow 3, was dirccizd 1o the nexr stge of reament (sec Figure 4.12).

Cakulsied Cooccoirationy (n the Flows (Calculated (rom AA analyses. mass balance considerations snd assumpeionsy:

(%) (%) (%) (%) %)
(@) FeAsS 188 (§) FeAslg2HY0 140 (6) FeAs0aZH20 183  (B) FeAsOe2H0 237  (9) FeAsdg2Hy0 149
FeSy 543 Fe0OH 46 FoOOH 16.7 FoOOH 1.6 FeDOR 3.09
4CuSSh0y 0.9 PBS04 204 PRS0y 64 PS04 30.4 PbSQ4 23
CuFe$y 29 CaSOg2H0 B39 CaS042H20 07 CaS0e2H20  10.6 CaS042H20 268
Zn$ 39 oS0 THA 30,1
S 10

As from 4.8 g/1 10 10 g/l
Sb from 8 ppm o 124 ppm.

The concentration of antmony decreased in the ammospheric pressure experiments:
from 88 ppm to 4 ppm (Table 4.4), and
from 124 ppm to 4 ppm (Table 4.5)
and increased slowly during leaching under elevated oxygen pressure:
from 34 ppm to 77 ppm (Table 4.3),
from 90 ppm to 155 ppm (Table 4.6, Flows 15 and 16), and
from 80 ppm to 124 ppm (Table 4.8).

However, the behavior of antimony during chlonide leaching is not clear. It was precipitated from solution under oxidative

o3



Table 4.7. Metaks concentration in the fiows during keaching and precipitation testx carried owt secording to the Fiowsheet in Figure 4.11
Chloride solution; initisl pH = 0.2} temp. $0°C: oxygen pressure 20-30 psig; time 2 hrs.

Amount of
. Flow * CONCENTRATION (%) (Au, Ag in ppm) Toal Flow
Specification of Flow No.| Fo Cu 2o P Ag S5 A Cx  Au SO S |(Gamspe
Raw Material (Ore) t0 Processing o[ 3006 158 788 7.25 1304 016 B40 152 1,568.0
Intermediate Product Afler Leaching | 2 | 24.52 127 558 415 1530 021 845 025
Floable Fraction After Processing | 3 | 2742 145 140 291 1379 026 1057 5.66 1157 1,041.5
Light Fraction of Solid Prodncts 4 | 2202 1.45 o 0.12 143 -120
Non Flotable Fraction After 5 | 4102 1359 189 1468 152 035 397 0.4 082 332 106.4
Processing
Crysullization and Precipitation 6&7 854 - - 2196 - . 0.61 3136 - 48.0 96.47
Products
Volume
CONCENTRATION [N SQLUTION, grams por Jiser Liersy*™
Leaching Solution (Iniet) § |27 052 126 077 38 003 197 336 - - 8.6
Leach Solution (Outles) 9 |6 25 144 074 86 008 48 - - - 6.4

¢ The nombers as in the Nowsheet (Flgum 4,11),
** Aprroximate amonnt of vohume, ndt precise enough for 2 bakance calcufation,

wcwamm(wmumwymmmmm:dmmmx
%

(%) ) )]
(@) CaSO04201;0  61.5 () CaS042H20 0.6 (6) CaS;42H0 636
FeOOH 352 FOOH 60.6 FCDOH 99
Pb (as PbCly 1.9-2.1 Ph(asPOCl,  19.7-214 Pb (s POCh  128-140
or Ph504) or PbS04) or PbSOq)
FeAsOg2H20 037 FeAs042H0 120 FeAsy.2H90 1.8

Table 4.8, Metals comoentration in the Flows doring keaching and precipiation teses, scrordiag fo the Flowsheet in Figure 4,11
Chloride solurtion sctivated by HNO3 (SgHNOy/). Initiel pH = 0; oxygen pressure 20-30 psl; temp. 90-98°C; time 0.5 hr.

Amooot of
Flow * CONCENTRATION (%) (Au, Ag in ppm) Total Flow
$pecification of Flow No.| e Cu Zn Pb Ag Sb As Co  Au S04 §° |(Gramspe
Raw Material (Ore) to Processing 1 2742 145 140 291 1379 026 1057 5.66 1157 | 1030.
intermediate Product Afler Leaching] 2
Flouble Fraction After Processing 3 427 .59 0.41 0.21 1603 0.23 666 - 6.07 16.1 534.2
Light Fraction of Solid Perticies 4 1729 020 0.1 4138 002 025 S0t 330
Non Flotsble Fraction Afier s 3886 (47 053 039 1443 020 674 - 5.67 108.8
Processing
Immediate Crystallization and 6 Togetber With Flow (3)
Slow Crystallization Products 7 2374 017 011 37.04 007 154 008 3548
Volume
CONCENTRATION N SOLUMION. ¢/ (A, Ay in med) (Litersy*e
Leaching Solution (Tniet) 8 316 235 144 074 86 008 48 097 - - 6.6
Leach Solution (Cudet) 9 Nng 23 118 0.82 160 0124 100 082 - . 64

* The numbers as in the {lowsheet (Figwrs 4.11).
** Approximgate amount or volume; not precige enough for a balance caleulsiion,

Calculated Concentrations ir the Flows (Calculaled from AA analyses, mass balance considerations and assumplions):

(%) (%)

(4) PbS04 604 (M) PbSO4 54.1
FeOOH 21.5 FeOOH 35.9
FeAs(y2HA20 154 PeAsO4-2H,0 4,7
CaS04.2H20 0.4
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conditions (Table 4.7). It seems, that precipitation or dissolution of antimony depends more on pH and other soluble
component concentrations, than of oxidative conditions in solntion.

4.4 Arsenic and Antimony Precipitation from Chloride Solution

Arsenic and antimony precipitation with iron by oxidadon and hydrolysis of ferric ions were tested in the following
experiments:

1. Precipitation from pure solutons without chemical addition and simultaneous precipitation and leaching, under
elevated oxygen pressure.

2. Precipitation with iron by fresh ore addition.

3. Precipitation with iron by calcium oxide addition.

Only results of the tests on arsenic and antimony precipitation with calcium oxide are presented in this section.
The other tests on arsenic and anomony precipitation are included in the leaching/precipitation ¢xperiments carried out
accarding to the flowsheet presented in Figure 4.11 and 4.12., Their results are documented io the previous section in Tables
4.3 through 4.8.

The precipitation of arsenic with iron wag caused by oxygen dispersed in the second reactor, subsequent to the flu-
idized bed leaching that had been run in the first reactor (Figire 4.10). The solid products of iron hydrolysis and ferric
arsenate formed in the second reacior were transported with the solution to sepamator R,, where larger particles of solids
settled. ‘This portion of the precipitated solids was then separated together with other crystallized products as “the light
fraction", These are represented by flow (4) in the first flowsheet (Figure 4.11) and by flow (6) in the second flowsheet
(Figure 4.12). The concentration of components in the product separated by this manner are given under the numbers of
the flows: in Tables 4.3, 4.7, and 4.8 - Flow (4), and in Table 4.6 - Flow (6).

The iron hydrolysis products and ferric arsenate are also fonnd in the nonflotable fractions after leaching/flotation stages.
However, a part of the fine precipitated particles was not retained in the separator (R,) but were circulated with the solution
to the first reactor. These nonflotable particles were further separated by flotation from flotable particles of the leached ore
and sulfur; - flow 5 in the first flowsheet and flow 8 in the second flowsheet, Thig is the case for expeniments documented
in Tables 4.4 and 4.5 in which a fraction of precipitated products was not separated in flow 4 but in the nonflotable fraction
flow 5.

Precipitation of arsenic and antimony by (resh ore was also tested in a three stage experiment performed according
to the flowsheet presented in Figure 4.13. The initial concentraton of other metals was as follows: Fe 31.8 g/, Zn 118
g/, Cu 2.3 g/t and Ag 20 mg/. Their concentration had not varied significantly during the precipitation tests conducted
at the initial pH of 0. Near total antimony (97%) and about 60% of arsenic were precipitated during 0.5h of the first stage
of processing. The degree of arsenic precipitation increased to 77% after one hour of the 2nd stage of precipitasion.

Iron hydrolysis and ferric arsenate formabon occurs during leaching if hydrogen ion concentration diminishes, thus
iron precipitation was observed in many experiments. However, only inone test, carried out according to the second flowsheet

(Figure 4.12), was a quantitative analysis of iron and arsenic precipitation made. The data of this experiment are presenied
in Table 4.6.

In this experiment the fresh ore (Flow 1) was contacted in the fluidized bed staie with leaching solution having high
arsenic concentration (Flow 10). During this leaching/precipitation stage about 65% of total arsenic, and about 95% of
antimony were precipitated from solution.

During this experiment the concentaton of both elements diminished in the solution:

arsenic from 10 g/l to 5.25 g/l, and
antimony from 124 ppm to 11 ppm.

A portion of precipitated arsenic and antimony was separated in the light fraction (Flow 5) together with the gypsum crystals
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Figure 4.13. Arsenic and antimony precipitation by fresh ore (sample TRIO) and separation of solid
products in the Qlotable and nonflotable fractions.

and other “light” particles. The rest remained in the flow of partally leached ore (Flow 2) that was subjected to three
consecutive leaching stages:

- leaching in the same (Flow 11), but reoxidized solution with pH at about 1;

- leaching in the acidic (pH=0) calcium chloride solution, containing only small concentration of ferric ions (Flow
13} '

- leaching in the acidic (pH=0) solution with the moderate concentration of ferric chloride (Flow 15), also containing
calcium and magnesiwm chiorides, and ended by separation of solid residue by flotation into flotable fraction (Flow
4) and nonflotable fraction (Flow 9).

The analysis of results presented in Table 4.6 indicates that precipitated arsenic can be eliminated from the flow of leached
ore in a separate nonflotable fraction together with iron and lead or by leaching in different chloride solutions with respectively
Jow pH. The behavior of antimony cannot be uniquivocally confirmed on the basis of this experiment, because of its very
low concentration in solution.
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srsenic and Anti Precinitation by Calcium Oxid

The tests on arsenic and antimony precipitation by addition of calcium oxide were carried out on a bench scale, in 8
glass beaker. A small portion of powdered CaO had been added gradually Lo the solution at temperatures 90-98°C. After
about 2 hours, precipitated solid particles were separated from the solution by filtration. In some cases a flocculant had
been edded for better scparation of solid particles.

The results of the experiments conducted according to the fiowsheet shown in Figure 4.14 are presented in Tables 4.9
through 4.12. The degree of precipitation of arsenic, antimony, iron and lead at different final pH of solution are shown
in Teble 4.13. The results indicate that precipitation of arsenic, antimony and iron depends strongly on pH and does not
depend on the chloride ion concentration. It seems that observed lead coprecipitation does not depend significantly on pH
in the investigated solutions. However, the degree of lead removal from solutions, increases with diminishing chloride ion
concentration and the presence of sulfate ion.

Cl istic of the Precipitated and Crystallized
Solids

Portions of solid particles precipitated and crystallized from the solutions during leaching, oxidation and neutralization
had been collected in the scparate fractions by thre¢ manners:

- by clasgification from the “bulk™ suspension being leached in the fluidized bed owing to low specific gravity and
small size of the precipitated particlcs. These were transported with solution beyond the fluidized bed leaching
(FBL)-reactor;

- by selective flotation of flotable particles of treated ore and sulfur. Precipitated and crystallized nonflotable particles
remained in the reactor;

- by the cooling of filtrated solution and crystallization. Several complexed salts had crystallized from pure solution
afier some days of retention at ambient temperature.

The newly formed solids were separated in the following fractions:

- the products of iron hydrolysis, also named the
“light fraction™:
Flows 4 and 6 in the 1st flowsheet (Figure
4.11), and
Flows 5 and 6 in the 2nd flowsheet (Figure
4.12);
- the fast crystallization or precipitation products

(Flow 6 in the 1st flowsheet);
- slow crystallization products (Flow 7 in the 1st
flowsheet).
- nonflotable fraction of solid, mostly products of ‘39__‘2,_:[_‘@_ L e
hydrolysis and other crystals formed during leach- S Waer
ing: -®
Flow 5 in the 1st flowsheet, and FeAsledhgd
Flow 9 in the 2nd flowsheet, and i
- different mixed, not precisely defined, fractions of
separated solids:
Flows 7 and 8 in the 2nd flowsheet.
The chemical analysis of each fraction is presented in Figure 4.14. Flowsheet of the precipitation tests carried
Tables 4.3 through 4.12. However, because a portion of the out with calcium oxide for the data pre-
precipitates was composed of very fine particles, as well as sented in Tables 4.9 through 4.12.

of amorphous particles, their crystallographic identification
by x-ray analysis was very difficult. Only compounds that
belong to the beaverite group and arsenosiderite were
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Table 4.9, Metals concentration in the Flows during the test of precipitation by calcium oxide carried out according to the Flowsheet In Figure 4.14,
Chloride solution, temp. $0-98°C, time of precipitation 2.3 hr.

Volume of
Flow CONCENTRATION IN SOLUTION, g/t (Au, Ag in mg) Solution

Specification of Flow No. F¢ Cu Zn Pb Az Sb  As Ca 05 pH m
Solution o Precipitation Sizge 1 1943 343 1568 113 2812 0012 679 06 1370 02 LS
Solution Afer )st Stage Precipitation 2 1653 4.56 1858 0009 1892 <002 449 2616  na. 1.05
Solution Afier 2nd Sage Precipiation 3
Washing Water 4 . - . . . - - - - 6.2 2.5
Spend Wash - Water 5 049 018 7.6 025 71 <08 007 038 22 24

CORCENTRATION IN SOLID, % (Ag, Au - ppm) Weigh ()
Procuct of 1st Stage Precipitation 6 1 03 122 112 27 06 4 06
Product of 20d Stage Precipitation ‘
Precipiated Product After Washing 8§ 1525 007 074 244 - 0028 931 001 63.58

DEGREE OF PRECIPITATION, (%)

Cumulatve Degres of Elements 33 048 02 906 - 100 $7.7 0.7
Precipitation
Calcutated Concentrations in the Flow 8 (Calculated from AA analtyses, mass balance considetations and assumptions);
(%)
FeAs(y-2H20 287 .
FeOOH 13.2
PhSOy 36

Table 4.10. Meahmmi-mmmm'm of precipitation by calclum oxide carried out according to the Flowsheet in Figure 4.14.
Chloride solution, temp. 50-98°C, time of precipitation in each stage 2-3 hrs.

Volume of
Flow CONCENTRATION IN SOLUTION, g1 (Au, Ag in mg/) Solution

Specification of Flow No. Fe Cu Zn Pb Ag Sh At Ca 503' pH 1]
Solution to Precipitazion Sipge 1 1943 343 1568 113 2812 0012 &7 060 13T 0.2 0.7
Solution Afwar 1st Stage Precipitation 2 13.86 436 218 0.004 3604 <002 365 201 0.36 0.77
Solution Afier 2nd Stage Precipimtion 3 1.0
Washing Waier 4 25
Spend Wash - Water 5

CONCENTRATION IN SOLID, % (Ag. Au - ppm) Weight (g)
Product of 15t Siage Precipitation 6 1880 004 072 104 - 0027 933 - 8.60
Product of 20d Stage Precipitation 7 3182 004 019 003 - 0016 867 0.0S 9.05
Precipiared Product After Washing 8

DEGREE OF PRECIPITATION. %

Cumutaiiva Degree of Elements 329 029 0.07 1152 - 425 3337 1o

Precipitagon

Caiculated Concentrations in the Flow 8 (Calculnted from AA analyses, mass balance considerations and assumptons):

(%) (%)

(6) FeAsD42H 0 287 ) FeAsOq2H,0  26.7
Fe0OH 18.8 FeQOH 40.3
PbSQy 15 PS04 0.05
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Table 4.11. Metals concentration in the Flows during the tests of precipitation by aaiclum oxide according to the Flowsheet in Figure 4.14.
Chloride sotution; temp. 90-98°C, tima of precipitation 2 br.

Volume of
Flow CONCENTRATION IN SOLUTION, g1 (Au, Ag in mg/t) Salugon

Specification of Flow No, Fe Cu Zn P Ag Sb As Ca " pH (1]
Solution to Precipilation Stage 1 9Mn 1.7y 784 056 1406 0006 339 03 6.85 04 0.7
Solution After 1%t Stage Precipitation 2 754 197 904 004 154 <001 022 177 L7 043
Soluion Afler 2nd Stage Precipitation 3
Washing Water 4
Spend Wash - Water 5

CONCENTRATION IN SOLID. % (Ag, Aa - ppm) Weigit ()
Product of 15t Stage Precipitation 6 15.31 0.04 029 223 ne. 1019 1288 2575
Product of 2nd Stage Precipitstion | 7 o
Precipitated Product After Washing

DEQREE OF PRECIPITATION, (%)
Cumalative Degree of Element 53 L1 02 3713 ne. 96
Precipitation

Calculated Concentrations in the Flow § (Calculated from AA analyses, mass balance congiderations s assumptions):
(%)
34.6

FeAsQq-2H20

FeOOH
PBS04

1.0
3.3

Table 4.12 Metals concentration in the Flows during the test of precipiation by calclum oxide carried out according to the Flowsheet in Figave 4.14.
Chiloride solution; temp. 30-98°C, tme of precipitation 2 hr.

Volame of
Flow CONCENTRATION IN SOLUTION, g/ {Au, Ag in mg/l) Solution
- Specification of Flow No. Fo Cu Zn Pb Ag Sb As Ca SO5  pH [
Solution to Precipitation Stage 1 486 086 392 028 703 0003 170 015 343 98 0.8
Solution After st Stage Precipitation 2 230 145 60 0.13 950 <001 398 16 0.9 043
Solation After 2rd Stage Precipitation 3
Washing Water 4
Spend Wash - Water 5
Sample
CONCENTRATION IN SOLID, % (Ag. An - ppm) Weight ()
Product of Ist Smge Precipitaion . 6 1622 0065 014 316 0.025 1232 <0.01 8.53g
Product of 2nd Stage Precipitation
Precipitated Product After Washing 8
DEGREE OF PRECIPITATION, (%)
Cumulative Degree of Element - 529 072 004 81.S - 300 387
Precipitation

Calculated concentralion in the Flow 6 (calculated {rom AA analysis, mass balance considerstions and assumpiions):

FeAs042H20

FeOOH
PbS04

(%)
3719
112
46
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Table 4.13. Cumulative degree of some metals precipitation in function of pH,
for different concentrations of chloride and sulfate jons.

oH
Final pH 0.38 0.8 1.0 12 1.7
Anions Concentration {moles)
{Cl-] 7 1.8 7 7 35
(8031 0.14 0.03 0.14111 0.14 0.07
Cumulative degree of precipitation (%)
As 16.8 38.7 33.5 577 96
Sb 25 30 42.5 100 n.a.
Fe 11.8 52.9 329 33 53
Pb 11.3 815 11.25 90.6 973

confirmed in this way in some samples of precipitates. In this situation any suggestions about crystallographic souctures
of compounds were based on the chemical analysis of these products.

The stoichiometric formulas of known complexed hydroxo-salts that could precipitate from leach solutions correspond
to the following compositions of simple compounds:

Ptumbojarogie: Pb{Fer(SQ4)yx0Mel2

PbFes 84700 3Cu0.03(3002OHX),
Arsenosideriue: CagFeq(As(le)i(OH)g 3H20
Hydronjum jarosite: Hy0Fey(SO4 (0N

PbS04
Fep(SO4)3
4Fe00H
4Hy0

PbS04

0.6 ZnSQ0a
0.06 CuSly
0.78 Fex(50¢)3
4.12 FeOOH
20

2 FeAs(ly.2H20
Cay(AsDq)2
ZFeOOH

0

0.67 Fex(5041y
1.67 FeOOH
167 Hyd

FeAS042H10
PoSOg
2FeO0H

100

Beodantiss substiteted by Cu: CaFe3(As0q)(S04)(OH)4

Beavenex PbCuFe(S04)2(CH)g

Plumbojarosite substitued by Zo:  Pb{Fe3Zn3(SOqy(OH))

Ca Fey{AsOa)) (OH)s HA)



4.5 Summary and Conclusions

1. Arsenic extraction from Delta complex sulfide ores during typical atmospheric leaching with ferric chloride solu-
ton is about 6% [4.4).

Arsenic exiraction from the same ore by low concentration ferric chloride solution (below 30g Fe/t) under 20-
30 psig of oxygen pressure is about 13% after 2 hours of leaching at 70-80°C (Table 4.3), followed by 2 hours of
leaching at 90-96°C. During the same time, i.e., after running the 4-hour leach, about 86% of zinc was extracted.

Arsenic extraction to the same solution increases sharply to about 60% after 30 minutes of the activated leaching
at 90-104°C, in which the catalytic action of nitric oxides and nitric acid is applied (Table 4.5). In the experiment,
the concentration of this catalyst was lower than 0.1 mol NO/1, that corresponds to about 5g HNO/I. It was
demonstrated that the regeneration of the catalyst is rapid during leaching conducted under elevated oxygen pressure
(30 psig).

2.  Simultaneousextractions of antimony, zinc, and lead ore isabout 50%, 96% and 99% respectively. Roughcalculations
made on the basis of analytical results indicate that during this experiment about 23% of the pyritic and other refractory
sulfides matrix, was decomposed. At the same time about 86% of sulfur liberated from sulfides was oxidized to
elemental form and 14% to sulfates. The concentration of sulfur in the final flotable fraction was 16.1% and the
concentration of suifate jon derived from snifide sulfur oxidation was about 14g S0,* per liter, The sulfate concen-
tration in the final solution does not correspond to the totat amount of sulfate generated during processing. According
to the mass balance calculadons, about 50% of generated sulfate accumulates in solid phases. Sulfate ions cause
removal of lead and calcium from the leach solntion in amounts relating to the solubilities of their sulfates.

Owing 10 the formation of lead sulfate, the concentration of lead in the leaching solution was controlled at the
level of about 1 g/1 Pb, and lead sulfate as well as crystallized lead chloride, if any, were collected in a separate fraction
during fluidized bed leaching and flotation stages (Tables 4.3 through 4.8). Lead extraction from these products to
high concentration chloride solution containing CaCl,, MgCL or NaCl, is fast and easy, and pure PbCl, was then
crystallized from the brine. Silver did accumulate with the lead as any light crystatline or nonflotable fraction.

3. Gold extraction from the leach residues after by routine cyanide leaching was as follows:
- from the nonflotable fraction (Table 4.8, Flow 5): 75.1%
- from flotable fraction containing total (16.1%) generated elemental sulfur (Table 4.8, Flow 3): 66.1%;
- from flotable fraction after elemental sulfur extraction: 77.2 + 16.6% (average extraction from 3 analyses).

4.  Arsenic oxidation in solution from arsenite ion AsO,> to arsenate AsQ* follows ferrous ion oxidation to ferric ion
or 1 the products of Fe(III) hydrolysis.

5. Arsenic removal from chloride leach solutions is fast under elevated oxygen pressure by precipitation with iron as
mixed hydrolysis products and ferric arsenate. Such a precipitation is accelesated by neutralizing action of fresh ore
or calcium oxide. Both neutralizing agents can be applied in a nonpressure process if arsenic and iron are respec-
tively at 5 and 3 states of oxidation (As0,* and Fe** ions). The degree of arsenic precipitation depends on pH and
concentration of ferric ion, In this research, only rough precipitation of arsenic from the acidic solution with pH
lower than 2 has been performed.

The highest degree of the arsenic precipitation achieved during pressure fluidized bed leaching was 84% with a
final arsenic concentration of 166 ppm As and pH = 1.83. The highest degree of arsenic removal by calcium oxide
addifion in the atmospheric pressure experiments was 97% with a final arsenic concentration of 70 ppm at pH=2.

6. Antimony behavior was different. It is difficult to conclude its precipitation or dissolution behavior in the performed

leaching/precipitation experiments. However, during the experiments in which maximum of arsenic was precipitated,
the concentration of antimony increased from 34 to 77 ppm.
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Precipitation of antimony did not exceed 50% in any experiment where neutralization by calcium oxide was
employed. Nevertheless, total precipitation of antimony was achieved by dilution of solution during washing of the
precipitates (Table 4.9). During this operation antimony chloride hydrolysed to insoluble oxy-chloride:

SbCl, + H,0 = SbOCl + 2HCL

Conceming the selectivity of precipitation, generally the arsenic-iron precipitate 1s a very good collector for other
nonferrons metals. In the concentrated chloride solution containing sulfate jons, generated during oxidative leaching
of sulfide ores, a significant portion of lead and calcium are precipitated together with iron and arsenic. In this case,
further leaching of lead from this precipitate is required.

Lead coprecipitation does not depend substantiatly on pH, but coprecipitation of copper and zinc does. However,
even at high pH, copper and zinc are precipitated together with iron and arsenic. Both metals can be relatively easily
withdrawn from precipitates by simple washing or repulping with acidic chloride solution. In the experiment docu-
mented in Table 4.6, initially precipitated zinc was in the next stage of processing washed from the precipitated
hydrolysis products. Coprecipitation of zinc does not depend on zinc concentration in solution (Tables 4,10 - 4.13)
but on pH. The degree of zinc coprecipitaion with arsenic, iron and lead, from the solution containing 157g Zn/
1 was 0.07% at final pH=1 and 0.2% at final pH=2. The concentration of zinc in precipitates was 0.19% and 0.74%
respectively in the first and second case (Tables 4.9 and 4.10). The precipitation of arsenic from about 100 ppm
to several ppm requires increasing pH to about 5. However, it 18 not possible to avoid in this way, a simultaneous
precipitation of zinc and copper. When theFe/As ratio in solution is higher than 12:1, the concentration of arsenic
can be diminished 10 about 1 ppm. The nime required for this precipitation is about 12h [4.8).

1f arsenic precipitation is carried out by addition of fresh ore to the: solution, coprecipitation of the hydrolysis
products of zinc and copper, having higher solubility than their sulfides, can have a secondary imporiance, because:
1) as a rule, such a process is carried owt for the purpose of solution purification; and 2) the precipitating agent, fresh
ore, must then be leached and the product of precipitation will be dissolved during leaching together with all or only
a part of the precipitated arsenic and iron. A portion of the lead, calcium and iron crystallized from Jeach solutions
was retained some days at room temperature. No significant amount of arsenic was identified in these crystalline
products, with the exception that a2 small quantity of arsenic was found tn crystals crystallized from solution containing
10g As/l (Table 4.8).

It may be possible to avoid dissolution of iron, arsenic, lead and calcium that were precipitated by the addition of
fresh ore or were precipitated duning leaching under oxygen pressure by a process of leaching, precipitation and flo-
tagon in the fluidized-bed reactor. During fluidized bed leaching a portion of precipitated or crystallized particles
is selectively ransported with solution and separated in the fractions collected beyond the FBL-reactor (Figure 4.10).
During the leaching-flotation process, the flowable fraction of leached ore is transported in froth beyond the reactor;
the nonflotable fraction of precipitated and crystallized compounds remains in the suspension in the reactor and can
be sepamated by known techniques.

Only the chemical composition and not crystallographic structure was calculated from the metal and sulfate
concentrations in the raw material and precipitated or crystallized solids. The amounts of principal components
correspond to the following chemical formulas:

PbSO, or PbCL

CaSO,2H,0

FeAsO,-2H,0

FeOOH
in proportions given in Tables 4.3 through 4.13.

Because the specific gravity of PbSO, and PbCl, is two to three times higher than other components, the most
probable explanation for their accwnulation in the light fractions i$ that these compounds are of low density sgucture
of the jarosite-type, beudantite-type or another complexed ferric-hydroxo-salt. However, in several cascs, and
particularly in the fractions separated during the leaching flotation stage as the nonflotable fractions, lead can occur
a§ separate crystals of PbSO, or PbCL,. The PbSO, and PbCl, crystals will be retained in the FBL-reactor together
with Jeached ore because of high specific gravity (from 5.8 10 6.8). The sulfate or lead chloride, as well as other
nonflotable paricles, settle from the solution and can be separated in the nonflotable fraction. Because the total
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concentration of lead in some nonflotable fractions is higher than those corresponding to the stoichiometry of plum-
bojarotite or bendantite and the calculated total iron in the fractions, a part of the lead must occur as PbSO,, PbCl,
or as another unidentified compound.

10.  Caution is suggested in interpreting the experimental data of Tables 4.3 through 4.12. Though the accuracy of analyses
of the metal concentrations in solid and solutions was good, the solid products and spent solutions were not quan-
titatively recoverad following experiments. The described continuous installation and the manner of experimenta-
tion were not suitable for collecting data for mass balance calculations and the weight of solids and volumes of so-
lutions presented in the tables are illustrative of the experiments scale. Difficulties in mass balance calculations did
not detract from the general purpose of this research.

4.6 Supplementary Research

Suppl T the Zinc-Chloride Leaching P

Routine leaching kineti¢ tests on the LP ore sample in concentrated zinc chloride solution were performed in a 1 liter
glass reactor equipped with a stirrer at temperatres 21, 60, 90 and 103°C. 50g ore samples of size fraction 325-400 mesh,
that contained: .

Fe 30.72 %
Cu 028 %
Zn 6.80 %
Pb 3.52 %
Ag 87.08 ppm

were leached in 0.7 liters of a solution containing:

Fe(I): 152 -20 g/
Cu: 46-72 g1
Zn: 133 - 216 g/l

Four samples of the solution were taken for analyses during leaching, Amounts of extracted metnls were balanced with
their concenmrations in solid residues. Because of the high zinc concentration in solution, its extraction kinetics were
calculated from Zn analyses of solid residues taken at different tirnes during the leach experiments, (30, 60, 120 and 240
mimues).

The results of 4 hour leaching tests at 90 and 103°C arc as follows:

Temp. Extraction, %

°C Cu AR Pb_Fe Zn
90 63 81 99 na. 98
103 59 72 99 13 98

The results confirm the very good leachability of metals at high ZnCl, concentration, observed in previous experi-
ments [Chapter 3].

The average values for the apparent energies of acuvation, calculated from laboratory dala, for the temperature region
of 21 to 103°C are as follow:

Zinc Sulfide: 1.54 kcal/mol Zn

Copper Sulfide: from 4.7 to 5.01 kcal/mol Cu
Silver in Sulfidic Matrix: from 2.88 to 3.65 kcal/mol Ag.
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Exceptionally low temperature dependence of zinc extrac-
tion from ore 10 the high concentration sotution that contains
280-450g of ZnCl, per liter deserves more in depth atten-
tion. Documentation of this research has been prepared in
the form of a short paper that will be published when dis-
closure of this material is approved by the research sponsor.

A small laboratory electrolyser was designed and
constructed. Some research on the stability of different
anode materials was performed in this stage of the project.
The electrolysis process will be carried out according to two
systems of electrolyte transportation shown in a simplified
sketch in Figure 4.15. In the first system the solution is
transported from the cathodic 10 the anodic compartment
through the high porosity diaphragm (~10 pum). In the
second, the electrolysis process is carried out without direct
solution transportation through the low porosity diaphragm
(~0.2um). The simplified design of the manufactred elec-
trolyser is presented in Figure 4.16. This project is seen as
the future subject of an MS thesis for Mr. Wang Zhao Fang.
Mr. Wang i3 now preparing the electrolysis system.
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Figure 4.15. Transport systems of the electrolytic
cell:
8) with spluu‘On ransportasion
through high porosity diaphragm;
b)  without solution transportation
through low porosity diaphragm.

Figure 4.16. Simplified design of the electrolytic cell with 4 cathodic and 3
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5.1 Introduction

Conventional differential and bulk flotation processes have difficulties in achieving high recoveries with acceptable
grades for zinc, lead and copper from the complex sulfide ores found at Tok, Alaska(5.1]. Furthermore, gold and silver,
which account for a significant fraction of total value of the ores, are distributed evenly in the flotation tailings and concentrate.
Therefore, processing both flotation tailings and concentrate would be necessary to obtain high recoveries of gold and sijver.

A mineralogical stundy revealed that the economic sulfide minerals are interstitially associated with a large preponderance
of pyrite. The economic sulfide minerals are 10 to 40 microns in size. These mineralogical facts explain the difficulties
encountered in the flotation process.

A hydrometallurgical method involving ferric chloride leaching and subsequent steps to recover lead, zinc, silver and
coppex from the leach liquor has been smdied at the Mineral Industry Research Laboratory, University of Alaska Fairbanks
for the treatment of Delta ores. This alternative is attractive for processing complex sulfide ores which conventional flotation
and smelong cannot handle. In addition, the liberation of sulfur in the environmentally acceptable elemental form, rather
than as sulfur dioxide, may prove a major advantage of this hydrometaliurgical method because of stringent environmental
regulations.

Asearly as 1923, ferric chloride leaching was applied to one sulfide mineral[5.2] and was recognized as a highly efficient
process. Chloride leaching bas become more practical during the past decade, as corrosion problems of concentrated chloride
solution have been partially overcome by the advent of modern materials of construction.

The United States Bureau of Mines has conducted extensive tests on ferric chloride leaching of chalcopyrite
concentrates(5.3,5.4] and galena concentrates[5.5,5.6]. A hydrometallurgical test involving ferric chloride leaching of galena
concentrates, purification of the resulting solution and direct electrolysis of the purified lead chloride solution was performed
in the Minemet Research Laboratory(5.7].

Lucas and Shimano[5.8] have investigated two-stage ferric chloride leaching of a pyritic Zn-Pb-Cu-Ag bulk concentrate
and found that more than 2% of zinc, lead, copper and silver could be extracted in 7.5 hours. The primary leaching reactions
of sulfide minerals have been proposed as:

PbS + 2FeCl, = PbCl, + 2FeCL + §° ¢
Zn$ + 2FeCl, = ZnCL, + 2FeCL, + S° (52)
and CuFe§, + 4FeCl, = CuCl, + 5FeCl, + 28° (5.3)

Many other chloride-based hydrometallurgical processes such as: Clear, Cymet, Elken and Phelps Dodge, have been
developed to treat copper Or copper-zinc-lead concentrates on pilot-plant scale. Buta direct femc chloride leaching process
for complex sulfide ores bhas yet to be developed.

The proposed chloride leaching process for the treatment of Delta complex sulfide ores is shown in Figure 5.1. In the
proposed flowsheet, the ores are treated by single and two stage ferric chloride leaching to dissolve zinc, lead, copper and
silver. The leach residue is treated for gold recovery while the leach liquor will be direcied 1o lead, copper, silver and zinc
recovery steps. Lead chloride will be crystallized first followed by a solvent extraction and electrolysis step to produce
metallic copper. Cementation, by adding zinc powder, is then applied to the liquor to precipitate silver. Zinc production
is by solvent extraction and electrolysis. The leach solution is regenerated with chlorine gas produced in the electrolysis
steps. If a large amount of iron coprecipitates with silver, a hot cementation with metallic lead can be applied prior to the
lead chloride crystallization step in order to precipitate both silver and copper. Zinc cementation would then be removed
from the process.

The results of a study on chloride leaching and gold recovery from the leaching residue are presented in this report.
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Figure 5.1. Proposed chloride leach process for treatment of Delta compiex sulfide ores.
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5.2 Experimental Work
52.1 Ores

Six samples of ore were collected from different locations in the Delta Massive sulfide depositin 1985, These samples
were named LPU, LPL, DDS, TRIO, DDN5 and DDN6. Their elemental compositions were presented in Chapter 2.

A sample of LP ore was collected in August, 1986. The sample was representative of the outcrop that was drilled and
blasted a year earlier, A total of 1150 Ibs of sample was brought to the laboratory. The sample was crushed in stages to
4 mesh. Further size reduction was carried out in a 8" dia x 7" ball mill. After a series of grinding tests a 7 1/2 minute
grinding was selected. A 4.5 kg charge was used at 60% pulp density. About 170 kg of sample was ground in the ball
mill and the product was deslimed in a 4" cyclone with a cut point at approximately 15 microns for gangue minerals, The
cyclone overflow was flocculated, filtered and dried. The cyclone underflow was dried and sized using a sieve shaker down
10 400 mesh. The minus 400 mesh material was further sized at 20 sieve. These sized products were used int the leaching
experiments. The concentrations of metals in various size fractions of the LP-86 ore sample are presented in Table 5.1.

The sized products were pellstized in epoxy far microscopic studies. Mineralogical composition was determined by

point counting. A minimum of 1000 points were counted for each size fraction. Liberation study was conducted by grain
counting of free and locked particles. Table 5.2 shows mineralogical composition of various size fractions.

Table 5.1. Concentration of Metals in the Different Sizes of LP-86 Ore.

Ore Size Zn Pb Cu Au Ag Sb
Mesh % % % ppm ppm PPM
+30 4.90 2.96 0.20 2.10 67.3 355
200 x 270 510 2.84 0.19 1.70 64.2 375
325 x 400 5.90 2.76 0.21 1.90 69.1 470
400 x 20 6.80 3.52 0.28 2.10 86.8 630

Table 5.2. Mineralogical Analysis of LP-§6 Ore.

Mineral Composition Wt. %

Size, Sphal- Chalco- Tenna-  Arseno- Gangue
Mesh erie Galena  pyrite nite pyrite Pyrite  Minerals  Total
70 x 100 106 3.6 0.8 1.3 <0.1 62.1 216 100.0
100 x 140 11.0 24 0.6 0.5 1.6 63.1 20.8 100.0
140 x 200 9.5 2.9 0.6 0.1 1.3 63.6 22.1 100.0
200 x 270 10.9 2.0 0.3 <0.1 0.6 63.6 22.6 100.0
270 x 325 114 2.5 0.6 0.3 0.7 68.0 16.5 100.0
325 x 400 11.3 24 0.6 0.7 1.1 69.9 14.0 100.0
400 x 20u 11.3 2.4 0.6 04 0.7 721 12.5 100.0
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This mineralogical study revealed that pyrite comprises at least 60% by weight in every size fraction of orelparﬁcles.
Sphalerite and galena are the predominant zinc and lead minerals respectively; chalcopyrite the Amqjor copper mineral and
tennantite the major silver mineral. The gangue minerals consist mainly of quartz and dolomite.

Table 5.3 shows volume percent free grains of minerals as well as grains containing 2, 3, 4, or S minerals. Table 5.4
shows liberation of each mineral by size. It shows at 100 x 140 mesh there was no free sphalerite. At 400 x 20 g1 there
was only 59.6% free sphalerite. Even at 20 i x 10 1 only 78.3% of the sphalerite is liberated. Galena i$ only_S?.% liberated
even at 20 1 x 10 1 size. The only mineral that is totally liberated at 400 mesh and finer is arsenopyrite. This study shows
that total fiberation of valuable minerals is not possible until 2 10 micron of finer is reached.

Table 5.3. Distribution of Locked and Free Grains in Ball Milled LP-86 Ore.

Volume Percent C
Locked grains - No. of
minerals in a grain Liberated grains
Size,
Mesh 5 4 3 2 Sphal- Galena Chalco- Tennan- Arseno- Pyrite  Gangue
ente pyrite  tite pyrite Minerals

0x100 09 79 420 298 05 01 O 0 0 9.9 8.9
100x 140 1.0 9 347 323 0 0 0.3 0 0.1 12.3 10.2
140 x 200 43 234 398 1.7 0.1 0 0.1 0 17.8 12.8
200x270 01 24 138 1386 2.7 02 Ot 0.1 02 238 18.0
270 x 325 1.0 102 382 4.8 05 02 0.1 02 293 15.5
325 x 400 02 34 298 5.5 03 02 03 0.2 414 18.7
400 x 20u 0 28 241 7.4 06 04 0.1 05 516 12.5
20u x 10u 0 14 138 119 13 07 02 04 566 13.7

Table 5.4. Liberation Study of LP-86 Ore.
% Mineral Liberated in Each Size Fraction*
Size, Sphal- Galena Chalco- Tennan- Arseno- Pyrite Gangue

Mesh erite pyrite tite pyrite Minerals

70 x 100 4.6 5.0 0 0 0 193 26
100 x 140 0 0 50 0 9 23.6 30.8
140 x 200 11.5 6.3 0 100 0 4.1 36.6
200 x 270 U3 18.2 13 100 50 46.0 50.8
270 x 325 393 35.7 33 33 40 50.6 57.4
325 x 400 44.7 21.4 33 50 25 68.1 79.6
400 x 20u 59.6 429 66 25 100 81.3 59.0
20u x 10u 78. 52.0 58.3 50 100 89.0 87.5

* concentration of the minerals was determined by point count whereas concentration of free minerals
was determined by grain count.
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5§2.2 Leaching Procedure

Bench scale leaching tests were performed in a one-liter glass reaction vessel with a removable cover. The whole
assembly consisted of a four-necked pyrex flask, a Friedrich’s condenser, a sampfing device and an agitator. The leach
slurry in the reaction vessel was maintained at +1°C of desired temperature in a constant temperature jar bath manufactured
by Blue M Electric Company. Water is used as the medium in the bath when the desired system temperature is lower than
100°C. Prestone antifreeze is used when the temperature is greater than 100°C.

At the start of each test, lixiviant was added 10 the reaction vessel and was allowed to reach the thermal equilibrium
within the bath. A weighed charge of the solid sample was loaded into the reaction vessel. The slurry temperature would
rise as much 2s 2°C because of the heat evolved by the leaching reactions. However, the slurry temperature returned to
the desired temperature rapidly.

At the end of each test, the slurry was filtered immediately using a vacuum filter. In a two-stage leaching test, a fresh
ore sample was loaded for first stage leaching and the leach residue of first stage was used to charge the second stage. Newly
prepared lixiviant was used in the second stage while the resultant leach liquor from the second stage was used as the lixiviant
in the first stage.

During the test, solution samples were taken periodically from the reaction vessel. The soluble zing, lead, copper, silver,
calcium and total iron were determined by atomic absorption specmoscopy. Iron(Il) concentration was determined by titration
with standard KMnO, solution. Soluble sulfate concentration was gravimetrically determined with BaCl, solution. Metal
values in the solid were determined by aqua regia digestion followed by atomic absorption spectroscopy. Elemental sulfur
in the solid was determined using xylene dissolution complimented by evaporation.

5.2.3 Gold Dissolution Tests

Gold dissolution from the leach residue by cyanide or thiourea solution at atmospheric pressure was conducted in &
reaction vessel similar 1o the one described above. An autoclave was used for the pressure leaching of gold. A solid/liquid
ratio of 50 g/300 ml was applied to all the gold dissolution tests. Gold in solution was determined by extraction using a
mixwre of DIBK and Aliquat 336 followed by atomic absorption spectroscopy. Free cyanide was electrochemically
determined using a pH/mV meter coupled to free cyanide and reference electrodes,

5.3 Results and Discussion

During leach tests involving the sulfide ore, solid/liquid ratio, particle size, ferric ion concentration and temperature
were considered as variables. Cyanide or thiourea concentraton, particle size and oxygen pressure were considered as
variables in gold dissolution for the resulting chloride leach residue of the sulfide ore.

$.3.1 Leaching of Sulfide Ore
Sufficient agitation (400 rpm) for proper suspension of the slurry was applied in all tests.

(i) EeCl,concentration - The stoichiometric amount of FeCl, required for dissolving sphalerite, galena, chalcopyrite
and pyrrhotite is approximately 0.3 mol/l based on the solid/liquid ratio of 50 g/500 ml. A larger stoichiometric
amount was expected when partial dissolutions of pyrite and arsenopyrite were taken into consideration. The
experimental results of lead, zinc, copper and silver leaching with ferric chloride concentrations of 0.3 molA to
1.0 moW1 are shown in Figures 5.2 and 5.3. Under these conditions, no significant effect of FeCl, concentration
on metals extraction was observed from FeCl, concentrations higher than 0.5 mol/l. When a higher solid/liquid
ratio i3 applied, the ferric chloride concentration would be adjusted accordingly.
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(1)

(idi)

(iv)

Effect of solid/liquid ratio- Vanious solid/liquid ratios were tested while the FeCljore ratio was kept constant,
The effect of the solid/liquid ratio on leaching at 90°C is shown in Figure 5.4. Particle interference at higher
solid/liquid ratios hindered the dissolution rate of sphalerite significantly while only minor changes in the Jeaching
rates of lead, silver and copper were observed.

Effect of panicle size- To study the effect of parricle size, two size fractions of the ore were leached. Figure
5.5 wndicates that faster dissolution of zing, silver and copper was observed for finer particle sizes. Dissolution
of lead was too rapid to be differentated between these two samples.

Effect of temperature- It is important to note that zinc is the most valuable component in the Delra ores and it
is desirable to recover at least 90% of the zinc values. Acceptable zinc recoveries using a single-stage chloride
feach do not seem attainable without very fine grinding and/or excessive retention Gme. Hence, two-stage leaching
at 105°C was tested to improve the zinc extraction. The results, shown in Figure 5.6, indicate that at least 90%
of the zinc can be extracted from LP-86 ore ground to minus 200 mesh and leached in two stages at 105°C with
a solid/liquid ratio of 150 g/S00 mi.

53.2 Silver Extraction and Microprobe Examination of its Occnrrence

Silver extraction is low even in saturated NaCl solution (2 mol/l), as shown in Figure 5.7. Electron microprobe analysis

was conducted for the minerals in LP-86. The results are presented in Table 5.5. They represent the average of several
determinations on a single polished secion. Arsenopyrite and tennantite data include the determinations made on polished
secvions of leach residue and subsequent cyanidation residue. Significant in these findings is that tennantite contains 0.75%
silver and this mineral is unaffected during ferric chloride leaching as well as cyanidation.

Table 5.5. Electron Microprobe Analysis of Minerals in LP-86 ore.

% by Weight
Zn Pb Cu S Fe As Sb Ag  Total
Sphalerite 5337 - 1.16 33.71 6.74 0.52 0.05 - 99.55
Galena 1.55 84.64 0.24 14.67 1.97 0.30 0.03 0.07 103.47
Chalcopynite 0.31 - 34.14 3495 29.70 -- - 0.02 99.12
Tennantite 3.39 - 41.54 2797 5.08 15.50 S.85 0.75 100.08
Arsenopyrite 1.09 - 0.03 2101 3569 42.04 0.18 - 100.04
Pyrite 0.42 - 0.06 5269 46.33 0.39 - - 99.89
Bournonite 0.34 4232 13.04 19.93 0.18 0.03 2424 0.04 100.12

Oxidation of the silver-containing minerals may be needed for more rapid and complete silver extraction. Roastng

the ore prior to leaching is one possibility. The ore was roasted at 750°C for 15 minutes before the leaching was conducted.
About 75% of silver can be extracted in the first two hours of leaching with roasting compared to 45% of silver extraction
without roasting (Figure 5.8).

Two-stage leaching was also applied to DDN-5 and TRIO ore samples. The results shown in Figures 5.9 and 5.10

indicate that zinc and lead extraction is greater than 90% for both samples while silver extraction is low on the TRIO ore
sample.
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5.3.3 Gold Dissolution Tests

The results of gold dissolution tests are listed in Table 5.6. All gold dissolution tests but one (test #1) were conducted
using the FeCl, leaching residue as the solid feed. The high sulfide content in the ore might make direct cyanidation very
difficult (test #1). Higher gold extraction can be obtained using higher cyanide and oxygen concentrations (tests #3, 4 and
3).

Increase in chlaride leaching temperamure to 105°C improved gold extraction in the cyanidation 0 64% at 24 hours
(test#5). Elemental sulfurexmaction from the chloride leaching residue prior tocyanidation could not improve gold extraction
(tests #5 and 6) under these conditions tested. Roasting of the ore at 750°C for 15 minutes prior to the chloride leaching
was able to increase gold extraction to 71% (test #7) while thiourea leaching (test #8) and cyanidation under high pressure
(test #9) did not have positive effects on gold extraction. No significantincrease in gold extraction was observed on increasing
the retention time beyond 24 bours.

Free cyanide measurements of the end solution of tests #3 - 7 and #9 indicated that at least 30% of total cyanide was

unreacted and remained free in the solution. The lower gold extraction, hence, cannot be atributed to the insufficiency
of the reactant species.

Table 5.6. Experimental Results of Gold Dissolution Tests.

Solid Feed Leaching Au Dissolution Percent Reacted
Conditions Conditions Au Ag
1) LP-86 NaCN: 0.015% 30 (18Hrs) 2
400x20u Ca0: 0.020%
2) LP-86 400x20u 95°C 4Hrs " 31 (24Hrs) 10
with leaching
3 95°C §Hrs NaCN: 120, 53 (24Hs) 25
NaOH: 2g/1 Air Bubbling 47 (48Hrs)
5 95°C 4Hirs g 51 (24Hrs)
58 (48Hrs)
60 (72Hrs)
5) " 105°C 4Hrs N 64 (24Hrs)
65 (47Hrs) 17
6) LP-86 400x20u " " 63 (48Hrs) 10
with leaching
& S extracrion
0] Roasting&leaching " " 71 (16Hrs)
of LP-86 400x20u 71 (24Hrs) 9
8) LP-86 400x20u " Fe3+: 2g/1 H2S04: 2g/1 50 (24Hrs) 10
Thiourea: 2g/1
9) " " NaCN: 1g/1 NaOH: 2g/1 57 (18Hrs)
07: 150 psi 58 (24Hrs)
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An experiment was designed to test the readsorption of the dissolved gold by carbonaceous matters in leaching residue,
A volume of 300 ml aurocyanide solstion containing .30 ppm gold was purged by nitrogen gas for 30 minutes before 50
gm of chloride leaching residue was charged to the sotution. The solution was agitated and nitrogen purging was continved,
Gold analysis of the solution samples taken at 2, 4 and 6 hours showed no significant change of gold concentration in the
solution. Therefore, the possibility of readsorption of gold by the carbonaceous matter in the Jeach residue was excluded.

Dissemiration of very fine gold grains in the pyrite grains was suspected to be the factor which caused the low gold

extraction. A microprobe was used to examine the ore and residue for the occurrence of gold. Unformnately, gold could
not be detected in the ore or the leach residue because of its low concentration,

5.4 Summary

Over 95% of lead and 90% of zinc were exiracted by a two-stage chioride leach of LP-86, TRIO and DDN-S ore samples,
The two-stage leach had a retendon time of 4 hours, a temperature of 105°C, and used minus 200 mesh ore, Silver and
copper exiractions were below 60% for LP-86 and TRIO ore samples. 85% and 65% extractions for silver and copper
respectively were achieved for DDN-5 ore sample. The difficulties with silver and copper extractions are probably
atyributable to their minéralogical occurrence.

About 64% gold extraction was obtained by conventional cyanidation of the chloride leach residue of LP-86 ore.

Roasting the ore prior to the chloride leaching could increase the extractions of gold and silver drastically but roasting itself
generates SO, and causes environmental problems.
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ABSTRACT

The engineering research on fast hydrometallurgical processes is proposed to conduct at University of Alaska Fairbanks.
The domain of the research is development of a new generation, 3-phase (liquid-solid-gas) continnous reactors and its
application in following processes: (1) Thenmal activation of refractory minerals by thermal shock and quasi-instantaneous
leaching; (2) Leaching and leaching/flotation processes conducted under oxygen pressure; and (3) Precipitation of metals or
lower valency metal oxides from aqueous solution under hydrogen pressure. The following systems will be tested:
chalcopyrite decompositon and sulfate leaching (1); sulfide complex ore lcachi.nyﬂo‘m'tion in sulfate solution (2); and copper
precipitation from sulfate solution (3). Advanced actually topics (2) and (3) will be carried out in a continuous pilot mini-
plant.
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6.1 General Introduction

A number of different possibiliies of extractive metallargy is connected both with development of high temperature
technologies and their application in pyrometallurgical processes and in chemical metallurgy processes as well as with
developments of low lemperature technologies and their application in leaching processes. solvent extraction, ionic exchange
or ionic flotation processes and alf scale of electrochemical processes.

These processes are successfully incorporated into technologies of rare metals production. However, regardless of the
extremely important contribution of titanium, tungsten, uraninm and other rare metals to our modern way of life and
technology, their production volume is relatively small and does not compare with other more common nonferrous metals.
The application of the above processes to farge production of copper, zinc, lead or nickel from its sulfide concentrates are
accepable if conditions of economy and environmental protection will be filled.

High capital costs and high sulfur emission characterize the pyrometallurgical smelting processes. Low capital costs
characterize hydrometallurgical processes based on heap leaching or “in sim” leaching. Nevertheless, because of relatively
low metals recovery, their application is limited 1o low grade ores. These processes can operate in technically undeveloped
regions, but carry some risks of contamination of the aquatic systems and cannot operate suceessfully under the arctic climatic
conditons.

At the same time certain hydrometallurgicat technologies require a pyrometaliurgical preparation of the raw material for
leaching, Unfortunately there are important disadvantages of such expanded hydrometallurgy: long time of roasting with
difficult 10 avoid emission of sulfur dioxide in oxidative conditions or with high heat consumption 1n endothermic
nonoxidative conditions. Eventual commercial success can be expected from “pure” hydrometallurgical processes condocted
under elevated pressure of gaseous reagents, which apply compact installations and operate with small volume of circulating
leach solutions,

In such procegses wraditional barriers between mineral processing and metallurgy should disappear, the sulfur dioxide
emission must be replaced with the generation of elemental sulfur and the fast, low energy processes should be incoduced
to the final metal winning stage.

The following research topics are proposed for development at the University of Alaska Fairbanks:

1. Thermal activation of refractory minerals of the non-ferrous merals by thermal shock and quasi-instantaneous
leaching, as an alternative route to the pressure leaching techniques.

2. Ore leaching processes conducted under elevated pressure of oxygen, which can considerably simplify or
completely by pass some steps of minerals vaforisation.

3. Continuous precipitation of metals (copper, nickel, cobalt and precious metals) or lower oxides of metals (uranium, .
molybdenum, tungsten, vanadinm) from aqueous solutions under hydrogen pressure, as an alternative process to
electrowinning and other chemical precipitation techniques.

A large accumulation of basic information is accessible in the scientific literature which makes it possible 0 omit some
physico-chemical laboratory research and focus our attention on engineering problems and apparatus design. The project
concerns research on a new generation of three phase (liquid- solid-gaseous) reactors for hydromerallurgical processes and
their particular application in each of the above proposed topics. The same concept of the continuous reactor with similar
hydrodynamics problems forresolving is proposed for quasi-instantaneous leaching with “thermal activation™, as for feaching
or leaching/flotation process conducted under elevated pressure of oxygen and for metals or their “lower valency” oxides
precipitation from leach solutions. In the 1st proposed application of the reactor, the suspension of fine solid particles in gas
is injected through a high temperature zone directly to the leach solution. In the 2nd the liquid/solid/gas mixture i3 injected
under elevated pressure to the leach solution. In the 3rd proposed application of the reactor, only liquid/gas mixture is injected
under high pressure to the solution.
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The most advanced engineering studies have been carried out recently by the author on the reactor application to copper
precipitation under hydrogen pressure and the most detailed is the 3rd research topic described in Section 6.4 of the proposal.
The continuous process of copper precipitation by hydrogen is being investigated in the laboratory by other authors, too.

Only a conceptual engineering outline of the activation of refractory sulfides is presented in Section 6.2. No publication
about such a process is known and no laboratory research was carried out by the author.

Application of the proposad reactor 1o the leaching/flotation process conducted under elevated pressure of oxygen
described in Section 6.3 seems to be nearest to the commercial solution. The research on such processing of complex sulfide
ores has been carried on since 1985 in the Mineral Indusry Research Laboratory of the University of Alaska Fairbanks for
the Nerco Minerals Company, Alaska.

The development of rapid leaching processes conducted under oxygen pressure which are promising in arctic climate
conditions was recently proposed as one of the research topics of the project “Engineering Center of Arctic Resource
Development” submitted by the University of Alagka Fairbanks to the National Science Foundation in September, 1986.

Alagka has enormous mineral resources and the University of AlaskaFairbanks haga good, established program covering
Alaskan needs in geological engineering, mining engineering and mineral process engineering. However, it is not enough
to merely discover and classify the mineral deposits and then to keep them as areserve for the future. It is also not sufficient
to develop the mining and mineral preparation techniques to produce initially enriched raw materials and to prepare them only
for exportation. Extractive metallurgy is the missing link for domestic recovery of metals from Alagkan mineral resources
and among different possibilities the fast hydrometallurgical processes will probably be the most applicable to climatic
coanditions in the arctic undeveloped regions. Just for this reason, the research on the fast hydrometallurgical engineering
techniques is proposed here. Nevertheless, not every result of laboratory research can be transformed at once into viable
technology. Therefore the importance of the enginecring research becomes one of the decisive factors in its successful
development to a commercial scale.

6.2 Thermal Activation of Refractory Minerals
6.2.1 Introduction

Many important metals are extremely difficult to produce because of low concentralion, high degree of dispersion and
chemical properties of their compounds in the ore. These metals are usvally inaccessible by the pyrometallurgical route, and
difficult to extract by a simple leaching,

This is the case with some important basic non-ferrous metals which are often recovered from difficult-to-dissolve
compounds. For instance, nickel from millerite (NiS) or serpentinite (FeONiOMgO-38i0,), copper from chalcopyrite (CuFeS,),
molybdenum from molybdenite (MoS,) or perovskite (CaMoO,), chromium from chromite (FeOCr,0,) or titanium from
ilmenite (FeTiO,).

Many high value metals like gold, silver, platinum group metals or uranium have little chance o come into contact with
leach solution because of their dispersion in nonsoluble or difficult-to-dissolve rock-matrix as pyrite (FeS,), chalcopyrite,
arsenopyrite (FeAsS), quartz or aluminosilicates.

When direct leaching of the ore or concentrate is ineffective, a thermal pretreatment of the raw material can be applied.
The purpose of such “thermal activation” is to change hardly soluble metals compounds into easily soluble forms.

6.2.2 Theoretical Background

Many established processes based on “thermal activatdon” before leaching are actually applied in industry [6.1]. Long
ago the roasting processes were used to decompose sulfidic, silicate, carbonate and other minesals prior to leaching, But there
is an important disadvantage 10 the roast processes: environmental pollution by large volume of gases containing sulfur,
arsepic, antimony or mercury compounds and high cost of containment, Different kinds of roasting can be applied before
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leaching. For instance:

- zinc sulfide oxidative roasting

3/20, ZnO
ZnS + 209 M} ZnS04 +SOZ

foltowed by leaching with sulfuric acid and electrolysis. The roasting can be conducted in old-type multi-hearth
roasters, drum roasters, flash roasters {6.1] and modern fluidized bed roasters [6.2,6.3]. Roasting can take from
several minutes in the fluidized bed roasters to several hours in the older-type roasers;

- thermal oxidative decomposition of chalcopyrite sprayed with spent electrolyte in fluidized bed roaster and then
sulfate leaching and electrolysis [6.4];

- oxidative, selecdve roasting of arsenical gold ores conducted to facilitate gold recovery by cyanide leaching, which
is used in gold mining industry for many years {6.5,6.6];

- reductive roasting of nickel-containing serpentinite ores:

750°C

FeONiOMgO38i0, + CO + H, > Fe + Ni + MgO + CO, + 38i0, + H.O

before ammoniacal oxidative leaching far the nickel extraction [6.7];

- chlorinating roasting with soluble chlorides (CaCL, NaCl, etc), volatitization of volatile chlorides of non-ferrous
metals followed by selective leaching {6.8) or direct leaching of the roasted ore as in the case of uranium and
vanadium recovery from camotite ores {6.9].

Several research programs on the improvement of the “thermal activation” processes have been conducted during the
last few years. In general the programs were carried out in response to legislative restrictions inroduced in many couniries
to deal with environmental pollution caused during roasting and smelting. They are: oxidative roasting of chalcopyrite with
transformation of the sulfide sulfur into soluble in water sutfates, as Dowa Min. Co. process, CSIRO (Australia) process,
Anaconda-Treadwell process and other described by Subramanian and Jennings (6.103, oxidative roasting of arsenopyritic
concentrates conducted for the arsenic, antimony and sulfur recovery [6.11] or platinum group metals and gold recovery
{6.12}, sulfatizing roasting of refractory uranium ores in an atmosphere containing SO, (6.13] and other {6.14-6.16].

Tbe most likely profitable processes are the “thermal activation” processes of the chaleopyrite concenirates enacted in
nonoxidative conditions and below the melting point of sulfides which lead to the decomposition of chalcopyrite or cubanite
(CuFe,S,) into simple ar easy to dissolve sulfides [6.10,6.17-6.211, But the cost of such endothermic processes conducted
in the conventional roasters presents a serious economic limitation.

In the Shermritt-Cominco process [6.143, thermal decomposition of chalcopyrite consists of the exothermic oxidation in
the npper part of the furmace:

SCuFeS, + 20, —> Cuy,FeS§, + 4Fe$S + 280,

and then of endothermic reduction in the lower part:

SCuFeS, + 2H, —> Cu,Fe§, + 4FeS + 2H,S
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The two gases are collected and conducted to the catalytic Clans’ process:
2H,S +SO,—> 358 +2H,0
The solid restdue is treated in leaching steps:
- 1inthe Ist, the bulk of the fron is removed as follows:
FeS + H,SO, —> FeSO, + H,S

- inthe?2nd step, referred to as the “activation leach”, the iron in the bornite isremoved by leaching with copper sulfate
solntion from the next (3rd) step:

CuFeS, + CuSO, = 2Cu,S + 2CuS + FeSO,
- in the 3rd, referred as the “oxidation leach”, copper sulfides are dissolved in H,SO, and CuSO, solution in the
presence of oxygen:
Cu,S +H,SO, + 120, = CuSO, + CuS + H,0
CuS + H,SO, + 1/20,=CuSO, + $* + H,0

Copper is deposited by electrolysis. Ferrous sulfate solution had to be subjected to crystallization and the crystals
obtained are decomposed for the recovery of Fe,0, and SO,.

Another proposition, also concerning the treatment of chalcopyrite {6.15] consists of five stages:
1) Thermal activation of chalcopyrite
2CuFeS, =Cu,S +2FeS + 8
2) Reductive leaching of iron by hydrochloric acid
2FeS + 4HCI = 2FeCL + 2H,S
3) Oxidative conversion
Cu,S +0,=2Cu+ SO,
4) Catalytic Claus process
SO, +2H,S =38 + 2H,0
5) Chlonde oxidation - “pyrohydrolysis”™
2FeCL + 1/2 0, + 2H,0 =Fe 0O, + 4HCI
Many rare metals occur in nature as nearly insoluble compounds. For instance, zirconium in silicate ZrSiO,, berylium
in aluminosilicate 3Be0-ALO;6Si0,, tungsten in wolframite FeWO, or sheclite CaWO,, tantalum and niobium in tantalite

(Fe,Mn)(Ta0,), or columbite (Fe Mn)(NbO,),, and other. For their ransformation into compounds soluble in water or in
fused salts the roasting, the alkaline fusion with hydroxides or carbonates or with fluorides and fluorosilicates is applied in
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jndustry (6.22].

As yetthe “thermal activation” is not generally recognized asa viable alternative thatcan be applied for the metat recovery
from sulfide minerals. The “thermal activation” processes are too costly and environmental protection againgt contarination
by SO, is very difficult, The length of time of the processing is the most negative parameter. The most difficult to control
are the oxidatve roastiog processes. In the sulfate roast process {6.16], concentration of sulfur dioxide in spent gases is from
4 10 6% andresidence time of solids in experimental fluidized bed reactor is about 3 hours. In the Sherritt-Cominco oxidative/
reductive roaster {6,14) the control of the temperature distribution in the reactor is most difficult. The retention tme of
concentrate in the reactor is about 1.5 h.

623 Description of Proposed Research

Research on “activation” of refractory sulfides by the thermal shock and instantaneous leaching is proposed to be
developed at University of Alaska Fairbanks. of

An idea of the thermal shock used to slacken the refractory structure of solids only, or with followed dissociation of
refractory compounds, or their decompasition and formation of new phases in oxidative, reductive or inert conditions is not
new [6.23-6.24]. Nevertheless many of such fast reactions have a reversible character in steady state conditions. To “freeze”
a transistory structure or o direct the reaction equiltbrium to the right side, a fast (instantaneous) alteration of parameters or
introduction of some gaseous or liquid reagents is necessary. A leaching process in which a dispersed solid raw material is
injected through a high temperature zone to a leach solution, is proposed for the refractory sulfides decomposition.

The high temperature zone can be generated in different ways according to the properties of raw raterial. It could be
an electromagnetically induced thermat plasma, a high voltage spark, a high current arc, a corona, or a glow- type discharge,
a high frequency oscillations or a laser beam.

One of the most important, hard to dissolve sulfides is obviously chalcopyrite. Its thermal activation below the melting
point leads (o different products as a function of additives:

w“?m&“"' Cu,S +2FeS +§

m Cu,S + 2FeS + H,S

2Ci,S + 2FeS

W
W Cu,S + 3FeS

Cu,S + FeS,

2CuFes,

The thermal decomposition can be more complicated, of course, and a wider spectrum of different compounds can be
expected in reaction products (6.21]. At the same time the “thermal activation” of solids can be accompanied by activation
of hydrogen, sulfur or another reagent used with raw material. It is known for instance, that very stable hydrogen molecules
can be “‘excited” by high voltage discharge or can be dissociated into ionic forms in the plasma state, thus srrongly increasing
their reactivity.

The life-time of the thermally activated species is very short. In this case it will probably be important that raw material
be contacied with the high temperature zone just before being injected into to the leach solution.
6.2.4 Expected Advantages

The following advantages of such an activation technique are expected:
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- shortdme of contact with the high temperature (2,000 - 10,000°C) zone expressed in seconds, replaces long heating
(minuies to several hours) in classical roasters;

- Instantaneous contact of raw malerial with aqueous solution in high temperature forms the condidons like effective
pressure leaching with good heat recovery,

- kinetic energy of the raw material injection, makes good hydrodynamic conditions (mixing);

- possibility of operating at elevated pressure allows for the design of acontinuous, compact, three phase (liqoid-solid-
gaseous) reactor, proposed in the next two research topics;

- compact joint of high temperature generator with leaching reactor eliminates environmental contamination that
characierizes classical roasting processes;

- possible application for any other thermal activation processes, as well as for precious metals and elemental sulfur
recovery from pyrite ores.

6.3 Ore Leaching Processes Under Elevated Pressure of Oxygen
6.3.1 Introduction

Several research programs on the “pure” hydrometallurgical processing of nonferrous metals flotation concentrates have
been initiated during the past 20 years. In the early 1980°s the results of research into this type of technology have not been
encouraging due to the high capital and operating cost of hydrometallurgical processes. Several chloride ¢copper winning
processes, such as the Cymet [6.25] Duval [6.26,6.27], Elkem [6.28], Minemet [6.29], Tecnicas Reunidas (6.30] and other
new copper winning processes such as the nitric-sulfuric-leach process (6.31], Anaconda-Arbitec (6.32] and Parker-Murir
[6.33] processes were discontinued after pilot plant studies, chiefly because of economic considerations, less frequendy
because of technical reasons. The greater part of these processes were then proposed or tested in pilot-plant for complex-
sulfide-concentrates (Zn-Pb-Fe-Cu) processing (6.27-6.30,6.34-6.36].

Some pubtlished opinions indicate that the level of energy consumption is higher for hydrometallurgical than for
pyrometallurgical processes [6.37,6.38). These analyses pertain o the conversion of copper concentrate to refined copper
cathodes, and the energy balance was compared between existing smelting technologies and several hydromerallurgical
processes that with one exception (Roast-Leach-Electrowin Process) [6.4,6.39] were at the experimental stage of develop-
ment.

The chief reason for misjudging the potential of hydrometallwgy falls under two tactic assumptions:

1) that tho flotation concentrate produced for smelters and saleable on the open market is also most suitable as a feed
material for leaching, and

2) that electrolytic winning of copper is, at present, the best final process for extracting copper from solution.

All the processes mentioned above [6.25-6.34] use the concentrates suitable for pyrometallurgical processes as feed
material , despite the fact that requirements for leaching are not as precise as for smelung. Only two of the above processes
[6.25,6.33), do not use elecrolytic copper depostition. The flotation consumes about 20% and electrolysis about 20-40% of
the total energy used in copper production. Itis evident that hydrometallurgy associated with such expensive procedure cannot
be economically competitive with the relatvely less energy-intensive pyrometallurgy. There is no better sitnation with the
selective flotation of complex-sulfide ores. The pyrometallurgical technologies require production of separate concentrates
of copper, zinc and lead and rejecting of pyrite to the tailings. The production of the bulk, cheaper and suitable for leaching
concentrate opens the way to economic challenge of hydrometallurgy [6.40,6.41].
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63.2 Theoretical Background

Leaching of refractory minerals conducted at high temperature and under elevated pressure of gaseous reagents is an
alternative 10 the normal pressure leaching below 100°C proceeded by thermal activation processing,.

Temperature is the general parameter affecting the rate of leaching, but at the same time physical and physico-chemical
properties of aqueons solutions change considerably with temperature [6.42}. The solubility of gases in aqueous sofutions
usually decreases with temperature and elevated pressure must be applied to keep its high concentration in solutior. Gases
that react with water, such as ammonia, sutfur dioxide, hydrogen sulfide and carbon dioxide, show a much higher solubility
than oxygen, nitrogen, or hydrogen.

Among ionic solids the soluble chlorides increase their sotubility with temperature whereas, for instance, solubility of
sulfates of many nonferrous metals increase only to 100°C, and decrease strongly above this temperature, Only a few of them
are soluble at temperanmres higher than 200°C [6.43,6.44].

,
€

The spontaneous precipitation of scarcely soluble solid phases from aqueous solutions is an impostant phenomenon
observed above 100°C. Asa rule, there are either basic salts, oxides or hydroxides that precipitate because of hydrolysis [6.45-
6.46).

The number of physico-chemical data and other fundamental information on the leaching under oxygen pressure
{6.21.622,6.47-6.50] is probably sufficient to by-pass the study on equilibria, kinetics and reaction mechanisms and
concentrate the research on the engineering problems of pressure leaching.

Hydrometallurgical processes at high temperatire and pressure have been carried out in three general type-reactors:

- horizontal cylindrical autoclaves, volume 15-36m3, with length/diameter ratio at least 3:1, equipped with mechanical
stirrers and divided into three to five sections, e.g. autoclaves being in use by Sherritt Gordon for leaching, reduction
and other hydrometallurgical processes (6.51];

- vertical column-reactors, volume 40-70m?, with height/diameter ratio about 5:1 and with mixing by high-pressure
steam (250°C, 650 psi) in use for leaching of nickel laterites (e.g. Moa Bay process) [6.52]:

- horizontal tube autoclaves (VAW-Lurgi pipe reactors), capacity of 60-300m?, The liquid-solid suspension, is mixed
and transported through the reactor by piston or membrane high-pressure pumps. The tube reactors are in use for
bauxite continuous leaching (West Germany) and uranium and gold ore leaching (South Africa) [6.53,6.54).

633 Description of Proposed Research

1. Present State of Research

A research, transgressing the traditional barriers between mineral processing and metallurgy, joining froth flotation and
direct ore leaching under elevated oxygen pressure is proposed. In such a process direct leaching of complex sulfide ore with
ferric sulfate sotution followed by separation of different components of the solid suspension by flotation is applied. This
example of the leaching-flotation association allows for: production of zinc sulfate solution; transformation of galena PbS
to insoluble lead sulfate PbSO, and its accumnlation in non-flotable fraction together with precipitated goethite, hematite or
jarosite salt as well as with other insoluble gangne minerals; separation of sulfur and non-decomposed sulfides in the flotable
fraction; and regeneration of the leaching agent under elevated oxygen pressure [6.55). Research on pressure leaching and
flotation and possible application to the direct processing of ores rich in nonferrous metals, from some pyrite Alaskan deposits,
with special auention to the gold and silver recovery is being carried out since fall 1985 in the Mineral Industry Research
Laboratory at the University of Alaska Fairbanks. Results [6.56] of the initial research funded by Nerco Minerals Company
indicate a good recovery of melals in different products of the leaching-flotation process, applied direcdy to the ore. Rate
of simuitaneous ferric sulfate regeneration under 40-140 psig at 70-90°C is excellent 100.
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The laboratory installation actually used for leaching and flotation of the complex-sulfide ore under elevated pressure
of oxygen is schematically shown in Fig. 6.1. It is composed of two tubular Corning-glass reactors (diameter 2 in., height
3 172 in. and 2 1/2 in. respectively), the peristaltic pump for the ore pulp feeding, the piston pump for recirculating the
nonflotable fraction and the steel, teflon lined reservoir for collecting the flotable fraction. The oxygen ts dispersed in both
reactors by using the glass tubes with porous fritted, pyrex discs. The maximum pressare that can be applied in this glass
instatlation is 50 psig (345 kPa).

2. Description of Reactor Project

The development of the leaching-flotation process could be expected to achieve satisfactory results if atiention was to
be focused on the engincéering research and construction of the continuous reactors for leaching under oxygen pressure of 150-
300 psig (1240-2070 kPa).

The vertical tubular reactor is proposed for an intense leaching-flotation process conducted under an elevated pressure
of oxygen. The proposed L-F multi-step reactor has high/diameter ratio about 8/1. The'volume of the reactor is divided into
sections by special-form elements. The sections are equipped with injection systems of liquid and gaseous phase that assure
good centrifugal mixing of fluid and high oxygen dispersion in solution. The constrained hydrodynamics of the reactive
liguid-solid-gas mixture allows for a prolongation of the retention time of the leached ore particles and assumes the continuons
selective separation of the solid leached particles by flotation. The leaching-flotation reactor will probably be a particular
cngineering solution of an apparatus due to a group of three phase (solid-liquid-gaseous) continuous reactors. Therefore the
application of such reactors not only to other leaching processes but also to precipitation processes from agueous solutions
with the participation of gaseous reagents can have important technical significance. The first application of this kind of
reactors, proposed in December 1982 for copper precipitation from solution under hydrogen pressure {6.57] is described as
the next proposed topic.
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Figure 6.1. Simplified flowsheet of the laboratory installation used for leaching and
Hiotation under elevaled pressure of axygen:
(1) and (2) - tubular Corning-giass leaching reactors;
(3) - 50 psi peristaltic pump; (4) 150 psi piston pump;
(5) - tefion lined reservoir for the {lotabla fraction;
(6) and (7) - fritted glass tubes for oxygen dispersion.
{8) - Glaas separators for collecting non-flotable fraction.
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6.3.4 Expected Results and Benefits

We expect that the new conlinuous reactor proposed here for leaching under oxygen pressure will have some advantages
over known pressure reactors applied in industry. This is a simple construction of tubular elements of the reactor in which
no mechanical mixing system is used. Regquired hydrodynamics is attained by:

- tangential injections of the liquid/gas or liquid/gas/solid mixture into reactor,

- upwardly directed hydrostatic transport of dispersed gas, and

- the construction of special form elements inside the reactor that consirain a prolongated retention time of the solid
particles in flnidization phase.

The high dispersion of supplied oxygen and its fast and uniform saturation in the lcachmg soluton, accelerates reactions
controlled by oxygen pressure. For instance:

- the oxidation of ferrous ions to ferric ions conducted simultaneously with leaching of sulfides:

Wt + 1/2 0+ 2H* = 2Fe3* + H40

Zn$ Za?t
PbS | +1204+2H*= Pb2+ +H90 + §
FeS Fe2*

- the oxidation of ferrons ions and goethite precipitation
2Fe* + 1/2 0, + 3H,0 = 2FeOOH + 4H*
- the oxidation of cuprous and ferrous chlorides with goethite precipitation
4CuCl + 2FeCL + H,0 + 3/2 O, = 4CuCl, + 2FeO0H

- the oxidation of cobaltous to cobaltic ammino-complexes:

2COMNEZ " + 120+ 2H* = 2Co(NH3)sH0%

and others.

Among several possible applications of the proposcd reaciors leaching of the low grade ores of uranium or precious
metals is particularly promising. Actually proposed and industriatly built VAW tube autoclaves {6.58] give good results when
high pressure of oxygen is applied. For instance:

- 98% of gold was extracted from the ore containing 10.2g Au/t after 15 min, of cyanide leaching under 300 psi (2068
kPa) of oxygen pressure at 20°C. Consumption of reactives 1mg NaCN/tand 6 mg O, /t ore. Solid liquid ratios 1:2.
The same yield of gold extraction in non-pressure leaching was obtained after 26 hours {6.52];

Of course the oxygen consumption will be higher if pyritic matrix must be broken down before gold extraction (6.59].
We suggest that in such a situation our proposed reactor will be betier becanse the rate of oxygen delivery 10 the reactive
medium and its dispersion in solution is one of the most decisive factors of oxidation.
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We hope that the proposed reactor can be successfully applied in hydrometallurgical processes conducted in the Alaskan
arctic conditions.

6.4 Continuous Copper Precipitation Under Hydrogen Pressure
6.4.1 Infroduction

The continuous precipitation of metals or lower oxides of metals from agueous solutions under hydrogen is the last sector
of research connected with the new generation of the three phase reactors for hydrometaflusgical processes proposed hete.
The precipitation of copper, nickel, coball and precious metals by hydrogen and other gas reducers is an alternative process
to electrowinning and cementation [6.60-6.64] and precipitation by hydrogen of uranium dioxide (UO,), vanadium oxide
(V,0,) and lower oxides of molybdenum and tungsten is an alternative to other chemical precipitation techniques [6.65-6.69].

The reduction of aqueous solutions using gaseous reductors (hydrogen, sulfur dioxide, carbon monoxide) is a complex
engineering problem. Attempts have baen made previously to design such a continuous process, but were never carried out
beyond laboratory scale models and apparatus [6.70-6.72]). Sherritt-Gordon Mines Lid., who have pioneered in the field of
hydrogen pressure reduction, were applying either a batch process or a semi-continuous process for precipitation of metal
powder [6.60,6.64,6.73]. Such methods might be economically viable in the case of well priced nickel and cobalt [6.60,6.641,
special composite powders [6.74-6.77) or rare metals “lower oxides” precipitation [6.65-6.69]. But for copper powder
precipitation as a product alternative to cathodes (6.73,6.78,6.79), the batch process would be too costly.

The greatest difficulties which have stood, so far, in the way of achieving a continuous process are:
- the corrosivity of the reactive mixture;

- technical difficulties associated with the ransport of reagents in a continuous process under elevated pressure of
hydrogen and at relatively high temperature of aqueous solutions.

In spite of such inconveniences, there is a general consensus among specialists on the advantages of such processes:
hydrogen reduction is much faster than the electrolysis and is completely pollution free.

Research on the continuous copper precipitation from sulfate solution under hydrogen pressure is proposed to be
developed after the following arguments:

1. Chemical and electrochemical equilibria in the Cu-H,SO,-H, O system at temperatures up to 200°C {6.42-6.45,6.80-
6.83), kinetics and mechanisms of the two-step copper reduction by hydrogen under pressure {6.60,6.64,6.84-6.88)
are known. Relatively simple interpretation of experimental results makes it possible to focus the attention on
engineering problems and apparatus design.

2. Results obtained from the research on the copper continuous reduction will be carried into effect for other
precipitation systems with gaseous reagent participation.

3. 'The copper reduction under hydrogen pressure was investigated by the author of this proposal [6.80,6.89,6.90] and
process and equipment for the continuous procedure were presented in the proprietary report of authors in May 1983
[6.57] (formerly Cunit Hydrometal Inc.). The repon contains the initial project for pilot plant capacity of 5,000 tons
of copper powder per year, produced from a copper-base scrap and the design for a 3-phase pilot CHP-reactor
(Copper Hydrogen Precipitation reactor) capacity of 10 kg Cu/h. Laboratory modeling experimentation and
engineering calculation on the new 3- phase (liquid-solid-gas) reactor were completed in September 1983 (6.91].
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A temparary caveat No, 83-1280 of the invention entitled “Method and Apparatus for Continuous Copper
Precipitation” was deposited on April 12, 1983 in the names of F. Letowski and N. Korwin in the Canadiap Patent
Office. Since October 1983 the former owner of the research results, Canit Hydrometal Inc., has been inactive and
all rights were transferred o the parmers (F. Letowski and M. Korwin).

4. Conninuation of the project according to this proposal allows development of a more universal kind of the liquid-
solid-gas reactor, based on CHP-reactor, equally for other precipitation processes, as well as for the leaching, the
leaching-flotation or the instantaneous leaching preceded with thermal activation processes, described earlier
(Sections 6.2 and 6.3).

6.4.2 Theoretical Background

The scparation of copper from aqueous sulphate solutions obtained from ore, concentrate, or scrap leaching may be
carried out in the following ways: - o

(1) as compact cathodes by classical electrolysis from copper suiphate solution; this type of copper electrowinning is
applied or proposed in many hydrometallurgical processes (6.4,6.14,6.16,6.29,6.32,6.36,6.39) or by electolysis in
diaphragm-electrolyzers from copper sulphate soluuons, containing also 2 significant concentration of ferrous
sulphate (6.92,6.93);

(2) asacopperpowderby cementation with iron [6.92], by two stage pressure reduction with SO, in ammoniacal solution
[6.33,6.62) and by hydrogen pressure reduction from ammoniacal solutions [6.73,6,78,6.79,6.84,6.89,6.94-6.98] or
from sulphate acidic solution containing iron (IT), zinc, magnesium or other metal sulphates [6.64, 6.88, 6.90, 6.94,
6.99-6.102].

If copper reduction by hydrogen is carried out using acid concentrated solution of CuSO,, the purity of the precipitated
copper powder is very high, of the order of 99.96% Cu or more [6.60,6.90,6.99,6.101], but the highly carrogive nawre of the
solotion containing free sulphuric acid formed during the reduction

CuSO, + H, = Cu + HSO,

presents a serions engineering problem. Because of the neutralizing effectof ammonia, copper powder precipitation is carried
out more frequently using ammoniacal sulphate or carbonaie solutions

Cu(NH,),SO, + H, = Cu + (NH,),SO,

but the reduction is accompanied by the precipitation of solid products of the copper ion hydrolysis, which affect the purity
of the precipitated metal [6.44,6.79,6.80,6.84,6.891.

The equilibria of reduction are influenced by the pH, cuprous and cupric ion concentrations and the concentration of the
complexing agent - NH,, The kinetics of reduction is influenced by temperature, hydrogen pressure, hydrodynamic conditions
and the nucleation of metal crystals [6.84-6.88]. The slow progress of reduction at 8 low temperature and moderate hydrogen
pressure is due 10 the great stability of H, molecules; this makes catalytic activation a necessity. The activation of molecular
hydrogen is the principal means of controlling the first stage in the precipitation of the metal from sofution. The activation
energy of hydrogen reduction can be lowered by means of heterogeneous and homogeneous catalysis. Hetsrogeneous
activation of hydrogen takes place mainly on solid surfaces that adsorb molecular hydrogen from solution. The homogeneous
activation of hydrogen is an autocatalytic reaction with participation of copper ions in solution.

Another possibility of hydrogen activation by high voitage discharge, just before its injecting to solution was recently
investigated by the author of the proposal (6.1031. In the initial laboratory tests the discharged electrodes were mounted inside
a special construction injector for hydrogen mjection to an autoclave. The results of the initial tests indicate that high voltage
hydrogen activation accelerates the reduction of copper. This influence seems to be strong: the average rate of the copper
precipitation from cupric sulfate solution undes 400 psi (2758 kPa) of hydrogen pressure at 120°C is about 0,12 gL-th! if
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20,000 10 30,000 volt discharge with frequency 5.10° s was applied, whereas without activation no reduction was observed.
Also, the reduction rate with activation at 130-14C°C, reached the same level (0.41 gL'h") as at 160-180°C without high
voltage activation.

Because of good activation of hydrogen on solid surfaces, an amount of fine copper powder is most frequently added to
the reduced solution of copper sulfate, If the amount of such nucleatng centers suspended in the solution is 100 small, some
copper 15 deposited on the walls of the reactor and on other surfaces in contact with solution.

The reduction of copper from solution after acid leaching of a copper concentrate containing 68 g/l Cu, 15 g/l Fe**, and
about 20 g/1 H.SO, is quite easy at 150-180°C and under partial hydrogen pressure of 510-560 psi (3550-3850 kPa) [6.90].
The effect of temperature and hydrogen pressure on the rate of reduction from this solution is presented in Fig. 6.2. Even
though the rate of reaction increases with temperature and pressure, it depends much more on the mixing of the gaseous
(hydrogen), liquid (solution) and solid (copper powder) phases.

The selectivity of copper precipitation, as compared to less noble metals, is very good. Itis a little less in ammoniacal
solution in comparison to other amminocomplex-forming metals, such as nickel and cobalt [6.60,6.64,6.84,6.94,6.97).

One of the first processes, developed by Sherritt-Gordon Mines Ltd. in the years 1956-1959, precipitated copper powder
from the ammoniacal solution obtained from the Lynn Lake sulphidic copper concentrate by ammonia pressure leaching
[6.73]. Copper powder has also been precipitated directly from amminosulphate or amminocarbonate solutions afler leaching
of copper scrap (6.60,6.78,6.79] or from an acidic sulphate solution obtained after solvent extraction from amminosulphate
solution after leaching [6.101]. Other flowsheets of copper precipitation from acid solutions after sulphide concentrate
leaching were proposed too, as an alternative to copper deposition, in electrolyzers with diaphragm [6.104-6.106].

As it wag mentioned before copper reduction using hydrogen is carried out by a batch process. The possibility of metals
reduction on acontinuous basis isreferred toin some patents [6.97,6.107-6.110] but no continuous process has been described.
The study of the continuous process using a laboratory model was carried out at the University of Oklahoma (6.72,6.111].
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Figure 8.2. Effect of Temperature (a) and Hydrogen Pressure (b) on the Rate of
Reduction from Acid Solutions [6.91]: (a) Progress of raduction at 150,

165 and 180°C, Py = 490-530psi, nucleation 80 gpl Cu powder, Fe** = 3
gpl, n - 600 Rpm, (b) Effect of hydrogen pressure on reduction rate: 200-
250 psi, 350-400 psi, and 490-530 psi. Temp. 165°C, Cu*+ - 68 gpl,
nucleation 80 gpl Cu powder, Fe*+ = 3 gpi, n = 600 Rpm. :
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Copper reduction (6.72] had been performed in a vertical tubular reactor 72 in. height and 1 in. in diameter. The flow of the
acidified copper sulfate solution was directed concurrent with, or countercurrent to the upwardly directed flow of hydrogen
under the total pressure of 413-512 psig (2850-3536 kPa) and at temperatures from 149 to 204°C. The amount of bydrogen
18 in excess of that required for stoichiometric reduction of copper and this circumstance provides sufficient mixing of the
solid-liquid-gas mixture. A schematic diagram of the continuous reactor installation according to Sista and Sliepcevich (6.72]
is given in Fig. 6.3. The copper powder suspension leaves the tubular reactor and after cooling in a heat-exchanger is collected
in the liquid-solid scparator. The rosults presented by Sista and Sliepcevich confirm the high purity of the product, if the pH
of the reduced solution isbelow 1.8 units, and the high rate of continuous reduction, permitting 70-80% of copper to precipitate
within the residence time of 10-20 minutes. The rate of reduction increases with increasing temperatire (Fig. 6.4) but at the
same time the co-precipitation of basic copper sulphate Cu,(OH)SO, from the solution with high copper concentration
requires its limiting to 12-22 g/l Cu. The basic copper sulphate precipitation as a function of temperature is shown in Fig.6.5
[6.45].

In spite of the clear superiority of the continuous process over batch or semi-continuous procedures, there still remain
some difficulties in implementing the known continnous processes [6.70-6.72,6.111] on an industrial scale, and namely:

- troublesome excess of reducing gas under pressure;

- undesirable precipitated copper powder due to the short residence time of the particles and the unregulated motion
of the solid-liquid-gas mixture;

- excessive surface resulting from high length-to-diameter ratio causes metal deposition on intemal reactor walls.
6.43 Description of the Proposed Research

1. General Engineering Requirements {6.57]

The aim of the project is to study and develop the continuous process of the high purity copper powder precipitation under
hydrogen pressure from solutions after leaching. The process will be developed on the basis of the 3-phase pressure reactor,
which concept was proposed and investigated previously (6.57,6.91]. The study on application of the same kind of reactor
for the pressure leaching was proposed too [Chapter 2], and it is presented in the 2nd part of the Proposal.

It has been stated in Section 6.4.2 that problems in the previously described, continuous precipitation processes (6.70-
6.72,6.111] are of an engineering nature. In order 1o overcome them an essential change in the continuous copper reduction
concept is required. The following conditions must be met for the CHP process to become viable;

2. The precipitation process must be carried out with a significant excess of copper in the solution than the amount
required for almost total consumption of the supplied hydrogen, in order to eliminate its recycling,

b. A high rate of hydrogen supply to the solution is required, in order to assure good mixing of the solid-liquid-gas
mixuure, a high rate of hydrogen dissolution in solution, and a high rate of copper precipitation from solution.

c. Hydrodynamic conditions must assure the continuous selective separation of a given fraction of the copper powder
particles,

2, Reactor Description {6.91]

The proposed reactor is a vertical column, whose height to diameter ratio does not exceed 10:1. The volume of the reactor
is divided into sections by special-form elements. These sections are equipped with injection systems of liquid and gaseous
phase, that assure good centrifugal mixing of fluid and high hydrogen dispersion in solution. The constrained hydrodynamics
of the reactive liquid-solid-gas mixturc allows to prolong the retention time of a given size copper powder particles and assures
the continuous selective separation of the copper powder particles with a sufficiently large size, as a final product. The
hydrogen gas is fed into the reactor in a sufficient quantity to assure constant pressure. The copper sulphate solution is fed
into the reactar continuously through an inlet in the lower part, and is spent from the top of the reactor. The total quantity
of the hydrogen gas which is supplied to the reactor, should react with the copper ions and precipitate 40 to 70% of copper

138



Figure 6.3. Schematic dlagram of the Ilaborstory continuous hydrogen reduction
Installation according to Sista and Sllepcevich _[6.73].
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from solution. Only 4 smal} proportion of unreacted hydrogen leaves the reactor in the form of the gas dissolved in the spent
solution.

The copper powder particles growing inside the reactor during the reduction are subjected to a motion in two different
flows of the solid-liquid-gas mixture:

- thesmall copperpowder particles are carried off in the central part of the reactor, with the vertical flow of the solution-
gas fluid flowing from the bottom to the top of the reactor;

- the larger copper powder particles move with a resultant of the gravitational and centrifugal forces and subsequently
go down along the reactor wall, In every section the flow of larger copper powder particles is directed by the special
form etements 1o the central part of the reactor, where centrifugal segregation of the copper particles is repeated.

Finally, the largest particles lsave the active mixing area and pass throngh the outlet in the bottom of the reactor to
the separator, which is emptied periodically.

o

3. General Assumptiops and Elementary Engineering Data [6.91)
The copper precipitation occurs according to the reaction:

CuSO,(aq) + H,(g) = Cu(s) + H,SO,(aq)
For the temperature range from 150 to 180°C the equilibrium constant expressed as
K = (FY(Cu)'p,,
is equal to 10'° [6.90). The high value of K indicates that the reaction of copper reduction by hydrogen is practically
irreversible. However, at low temperatures, i.e. below 100°C, the rate of copper reduction is extremely slow. The rate of
reduction becomes sufficiently high 10 be used as a process of copper winning from solution, only when the temperature is
above 130-150°C and the partial pressure of hydrogen is not less than 200 psi (1380 kP3).

The product of reducton - copper powder, has a suitable purity (99.96% Cu) if:

- the concentration of copper ions during the reduction exceeds 20-30 g/l Cu;

- the yield of copper precipitation does not exceed 50-70%;

- the growth of the copper particles develops on a suitably high surface of copper powder suspended in solution;

- and the rate of the nucleation centers arising in the solution is sufficiently high and constant.

The activation energy of the reaction equals to 11.5 keal/mol [6.90] and the initial rate of reduction under 390-450 psi
(2690-3100 kPa) of partial pressure of hydrogen, and with nucleation by 80 grams of copper powder (size 100-160 pum) per
liter is equal:

4.3 x 10* molL's! (150°C)
6.6 x 10*mol L's! (165°C)
9.3 x 10*mol L's! (180°C)
According to Sista and Sliepcevich [6.72] the rate of continuous copper precipitation undes hydrogen pressure 450 psi

(3100 kPa) from solution containing 70 g/1 Cu, and at temperature 170°C is 7.5 x 10*to 1.2 x 10 kmol m™? s'). These values
were accepted in the assumptions, ’
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The CHP process is carried out according 1o the following mass baiance:

1.11kgH>
CuSO4=274 kg CuSO 4=138%kg
(Cu =70 kg) lm’ > CHP Reactor ™) im3 > (Cu=35kg)
=7Uke solution solution B
H2804=33kg H 2804=88kg
copper powder
Cu=35kg

The residence time of the solution in the CHP reactor required to precipitate 35 kg of copper with the rate accepted below
(7.5 10-*kmol m%sY), could vary from 7.65 to 12.2 min:

35 .
Ty= =7.35x 1028 = 12.2 min;
15 635x75x10 4 .
T 35 =4.59 x 1028 =7.6 min

“635x12x10 -3

For the process conducted under total pressure of 560 psi (3860 kPa), at temperature 170°C, 0.5 m? of hydrogen must be
supptied 10 1 m? of soludon. This volume is equal to 0.65 of the hydrogen solubility in pure water in the same conditions,
(0.86 cm* H,/gH,O under 50 atm (5066 kPa) at 170°C).

The proposed experimental reactor has a height of 57 inches and inside diameter of 5.7 inches. Its volume is 18.2 1. For
the residence time from 7.6 to 12.2 min the rate of copper powder precipitation is from 2.5 to 4 kg Cu per hour if the average
transport of the reactive medias through reactor (liquid/gas volumetric ratiois 2 and the votume of copper powder is neglected)
is from 3x10* m*s! to 4.8x10* m3s-! at the inlet and from 2x10-* m*s' to 3.2x10"* m?s! at the outlet. The rate of hydrogen
supply is from 222x102g s'to 3.55 g s,

4, Reactor Design [6.91)

Laboratory modeling experiments for the process of continuous copper precipitation by hydrogen (6.91] were carried
out in the glass reactor (volume 20 1) with water - air modeling fluid. Some qualitative tests were performed also with sand
fractions used as a solid phase. The results of these experimentations as well as the engineering calculations on the
hydrodynamics in the CHP reactor, particularly on the fluid injection systems, vertical and centrifugal fluid transpon, gaseous
bubbles and solid particles classifications, were the basis for the reactor design.

The reactor of the volume and geometry described in assumptions (Section 6.4.3) is divided into three sections. The
details of the sections are described in the Caveat. Three liquid-gas injectors and two high pressure injectors are set up inside
the reactor. Hydrogen gas is injected in the pressure range from 900 pst (opening) to 800 psi (closing), and the rate of its
injection by one injector is calculated. The type and size of nozzle will be adapted during the proposed research.

*) Copper-Hydrogen-Precipitation Reactor
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The liquid phase is discharged only from the 10p of the reactor with an average rate of 1.20-1.92 I min™' if the assumed,
total hydrogen-gas consumption will be confirmed.

The sotid product in the form of copper powder particle size minus 200 mesh goes down to the liquid-solid pressure
separator with the rate of 42-67.2 g min"'. The residence time of the copper powder particles in the reactor is considerably
higher than the residence time of the solution and this circumstance is very important for a good growth of crystals,
Nevertheless, at the same time a relatively high concentration of fine copper particles in the highest section of the reactor can
cause an over-loading for the liquid-solid filter at the solution outlet. If this circumstance were disadvantageous, a change
in the height/diameter ratio of the reactor or only the higher part of reactor, conld be necessary.

5. Project Development
The proposed reactor application to copper precipitation from sulfate solution by hydrogen should be continued
according o the following program:

a. Construction and tests of the gas injectors and gas/liquid injectors.
b. Construction of the experimental pilot-unit for metals reduction by hydrogen.

¢. Tests of continuous copper precipitation by hydrogen.

6.4.4 Expected Results and Benefits

At the present time it is still difficult to place the hydrogen reduction method in relation to other processes of copper
reduction from solution. A great deal of additional research is needed into the engineering problems due to the continuous
process. Nevertheless, it was felt that a qualitative comparison made on the basis of certain criteria might be useful at this
stage. This comparison is presented in Table 6.1,

Table 6.1. Comparative classification of the methods of separation

of copper from sulphate solutions
Criteria of Classical Electrolysis Hydropen Reduction by
Classification Electrowinning  with diaphragm  pressure reduction suiphur dioxide
Industrial application +++ + + 0
Intensity of process + + -+ ++
Technical difficulty - - - -
Materials / corrosion - - - —
Energy consumption - - - -
Purity of product + ++ +++ -
Environmental pollution - - 0 -

Positive criteria: +4+, ++, +
Negative criteria: ---, —, -

Do not occur; 0
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Industriglly Kpown Applications
Classical electrowinning of copper is the currently used industrial practice. The diaphragm-electrolysis is more
frequently used in winning other nonferrous metals, €.g. Ni, Mn, but it is not often used in the electrowinning of copper from

sulphate solution. Copper reduction by hydrogen pressure is a rarely used method in indusiry - its application is limited to
fine copper powder or to the composite powders production. Precipitation by SO, is not used in industrial practice.

Intensity of Process

Classical and diaphragm-cells electrolysis processes are the slowest, whereas processes using copper precipitation with
SO, are faster. Hydrogen reduction is a very fast process. It is approximately 20 times faster than electrolysis.

Technicat Difficu
The processes are rated as follow in the order of technical difficulty: <

- hydrogen reduction, because of high pressure (300-700 psi), high emperature (140-200°C) and hydrogen gas
utilization;

- reduction by sulphur dioxide, due to moderate pressure (100-180 psi), moderate temperature (100-120°C) and
sulphur dioxide utilization;

- electrolysis with diaphragm;

- classical electrolysis,

Materials ion Problem

The process with SO, reduction is characterized by the highest corrosivity of the gaseous phase, while corrosivity at the
liguid phase presents a moderate problem. The higher corrosivity of solution is associated with the process of hydrogen
reduction from sulphate solution. Electrolytic processes have the Jowest corrosion levels.

Ene ireme

The principal sources of energy are fuels, electricity and chemicals. Electrowinning processes have the highest electrical
energy requirement. Bnergy consumption expected in gaseous reduction processes will be lower, because of the high rate
of metal precipitation.

Environ 1 [uti

Because in every process solutions are recirculated in closed circuits, the greatest environmental threat is due to the
emission of vapors, liquid suspensions in the air and gases during electrolysis processes. The possibility of environmental
contamination during the SO, reduction process results from accidental, anomalous utilization of sutphur dioxide. The
hydrogen reduction process does not threaten the environment.

The final conclusions deriving from this comparative analysis are very favorable to the hydrogen reduction process, It
appears 10 be technically superior and more economical than other copper separation methods. It can be much better adapted
to the climatic conditions in the arctic because of the compact and small installation. However, the reduction of copper by
hydrogen is technically the most difficult process, and its industrial application as an alternative process of copper winning
requires SOme non-conveational engineering solutions.

The anticipated benefits associated with the commercial application of the proposed reactor (o copper precipitation by
hydragen are:
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1. The Copper Hydrogen Precipitation (CHP) reactor will be capable of replacing classical electrolyzers in many
known hydrometallurgical processes. The produced coarse size copper powder can be converted by casting into
copper ingots. The proposed CHP process is less energy-intensive than copper electrolysis, The capital costs of the
CHP unit built and operating costs of the CHP process will be smaller than these for the electrowinning tankhouse
of the same capacity. A comparison of anticipated technical and economic factors of the hypothetical CHP-process
proposed by CUNIT Hydrometal Joc. 10 copper recovery from copper scrap (6.57] with data of copper
electrowinning from the solution after heap leaching and solvent extraction is presented in Table 6.2.

2. Minima! financial risk is associated with gradoal development of the CHP process. step by step through its less
hazardous experimental application for the composite copper scrap processing, to future large-scale for the
concentrate processing,

3. The application of such reactors 1o other precipitation processes from aqueous or non-aqueous solutions with the
participation of gaseous reagents other than hydrogen evidently acquises a oommercml significance. The following
applications for the such reactors could be taken into account: .

- nickel and cobalt powders precipitation from amminosulfate solutions by hydrogen;

- precious metals precipitation from chloride solution by hydrogen;

- nickel and cobalt suifide precipitation by gaseous hydrogen sulfide;

- copper powder or a double cupric-cuprous sulfite precipitation by sulfur dioxide;

- uranjum(IV) oxide -UQ,, precipitation from carbonate-uranyl- complex solution by hydrogen;

- lower valency oxides of vanadium molybdenumn and tungsten precipitation by hydrogen;

- ron(0Y) oxide precipitation, j.¢. as goethite FeOOH, during oxidation of ferrous sulfate and partial hydrolysis
of ron(lIT) by oxygen.

6.5 Example of the Reactor Application

The simplified flowsheet of an hypothetical hydrometallurgical processing of achalcopyrite concentrate is an illustration
of possible applications of the proposed kind of reactors (Fig.6. 6). This kind of reactors is applied in the following unit
processes:

- the fast thermal activation in the nonoxidative conditions (1) and instantaneous leaching (2) with spent solution after
the hydrogen reduction process;

- the leaching-flotation process and iyon hydrolysis (3) under elevated oxygen pressure (50-150 psi) at temperamre
90-102°C; the principal leaching-floiation process (4) under the same counditions as (3); and

- the copper precipitation process (5) under hydrogen pressure of 400 psi (2756 kPa) at 170°C.

All unit processes are technically realizable. Very simplified chemistry of the processas can be described with the
following principal reactions:

1. The fast thermal activation - chalcopyrite decomposition in the nonoxidative conditions:

2CuFeS, —> Cu,S + 2FeS + §

144



Table 6.2. Comparison of some anticipated technical and economic factors of the
hypothetical CHP-process with data of copper electrowinning.

Classical electrolysis
BLUEBIRD, Miami (Arizona)

Hydrogen reduction,
CHP Process; project

Tankhouse for 5.000 t Cn/vear*) for 5,000 ¢ Cu/vear

Unit capacity
Rate of solution recirculation
Concentrations Cu

in solution Fe
(infet/ountlet) H3S04

Temperatue/pressixe

Principal elements
of installation

Product, form and purity

Costs of direct energy
and chemicalg **)

Capital costs of the
copper winning s¢ction
section omly.

Approximate swface
of the copper winning section

625 kg Cu/h

208 m3/h
36/33 gpl
1.5 gpl
146/151 gpl
45°C/atmospheric
48 cells (total volume 240m3,
40 cathodes, 41 anodes; weight

of one cathode 5 to 60 kg after
8 days

Copper cathodes 99.9% Cu

Electricity in the electrolysis
only, $0.117/kg Cu
Electrowinning tankhounse
only, $2,532,300.

500 m2

640 kg Cwh
18 m3/h

70135 gpl
15-20 gpl
28/87 gpl

«

170°C/600psi (4140kPa)

2 pressure reactors of total
volume 2x1.2=2.4m3, 2
pressure liquid/solid separators
of 0.1m3, pumps, com-
pressors, other pressure
equipment

Copper powder, size 200 um
99.96% Cu

Cost of heating and hydro-
gen only, $0.094/kg Cu

CHP unit only,
$1,359,000.

50 m?

*) 1970 data, according to A.K. Biswas and W.G. Davenport, “Extractive Metallurgy of Copper”,

Pergamon Press 1976.

**) In constant Canadian dollars 1983 - Estimated by M.J. Corwin - Cunit Hydrometal Inc., Sept. 1983.

2. The instantaneous leaching of iron with copper precipitation in sulfidic form:

FeS + CuSO, = FeSO, + CuS

3. The fast leaching of casy to decompose copper sulfides:

Cu,S +Fe,(50,), = CuS + CuSO, + 2FeSO,
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Flgure 8.6. Simplifled flowsheat of a2 hypothetical processing of chalcopyrite concentrate.

with partial precipitation of goethite (or jarosite-type salts):

2Cu,S + 2FeSO, + 3/2 O, + H,0 = 2FeOOH + 2CuS + 2CuSO,
and with simultaneous separation of solid particles by flotation with oxygen:
- sulfur and non-decomposed sulfides in the flotable fraction, and
- goethite (or jarosite-type salts) and some gangue minerals in the nonflotable fraction.
The principal leaching of non-decomposed sulfides from flotable fraction:

CuS + Fe,(8O,), = CuSO, + 2FeSO, + §
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with the simultaneous iron oxidation:
2FeSO, + 120, + H,SO, = Fe,(S0,), + K,0
and the sulfur separation from nonflotable gangue minerals by flotation with oxygen.
5. Copper precipitation under hydrogen pressure:
CuSO, + H, = Cu + H,SO,
The concentrations of copper, ron and sulfuric acid in solution calculated from the theoretical mass-balance of above

chemical reactions are indicated in Figure 6.6. An example of application of this kind of reactors in different unit processes
is shown in Figure 6.7. Numbers in ¢ircles correspond to the unit process numbers in Figure 6.6.
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Flgure 6.7. An Idea of application of the new generation reactors In the chalcopyrita
processing according to the flowshest shown In Flg. 6.6.
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6.6 APPENDICES
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Appendix 2

A process designed for treating metal sulfides.
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Appendix 5

Design of a reactor for larger pilot installation.
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Legends:
1. 6" pipe, 8 1/2" long
2. 1" pipe, 1'long
3: Reducing tee, 6° x 2"
4: Reducing tee, 2" x 17,
5: Redwing elbow, 2" x 1"
6: Tee, 2"
7. Tee, 1"
8: Instrument tee, 6", R = 2", S = 7/8"
9: Concentric Taper Reducer, 6" x 2"
10: Full face spacer, 6" C =2 1/2.
11:  Standard full face spacer, 2".
12:  Standard full face spacer, 1"
13:  Armored full face spacer, 67, C=2
172"
14:  Sramdlard blind full face spacer,
6",C=1/2"
15:  Blind Flange, 6”
16: Blind Flange, 2"
17: Blind Flange, 1"
18:  Bull's eye sight flow, 2".



:m

i

- =

(ISNV) 91 0S|

HVYTI0D/M 3ONVTIS

/

w

f

0

|
\ o
A

L

_
Vi \§ _

Rt
— 7 | v Hv 1100

*2AB[DOWIB JO] HIWS[O Fuiqry paul] 4ofy31 oy Jo udiseg
9 xpuaddy

/

(ISNV) 9] OSI
L1OCHLIM 39NV4

154



Appendix 7

Design of reactive medias injector.
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Appendix 9

Detail design of 2 leaching/flotation coluron.
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